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ABSTRACT 
 
On the Binding Stress-Enhanced Sensitivity of (Pb(Mg1/3Nb2/3)O3)0.65-(PbTiO3)0.35 
(PMN-PT) Piezoelectric Plate Sensor (PEPS) 
 
Wei Wu 
Advisors: Prof. Wei-Heng Shih, Prof. Wan Y. Shih 
 
(Pb(Mg1/3Nb2/3)O3)0.65-(PbTiO3)0.35 (PMN-PT) piezoelectric plate sensor (PEPS) 
showed enhanced sensitivity in chemical and biological sensing applications which has 
been attributed to binding-induced crystalline orientation switching in the PMN-PT layer. 
However, so far there has been no direct demonstration of PEPS crystalline orientation 
switching upon target-analyte binding.  Using biotin and streptavidin binding as a model 
detection system and by direct X-Ray diffraction observations after analyte binding we 
have unambiguously demonstrated that switching of the crystalline orientations of the 
PMN-PT layer indeed occurred. In addition, we have shown that PEPS sensitivity 
enhancement increased with an increasing transverse electromechanical coupling 
constant, -k31, of the PMN-PT layer--which is known to correlate with the crystalline 
orientation switching capability--by increasing the grain size of the PMN-PT layer or by 
applying a DC bias electric field. Finally, unprecedented high sensitivity of PEPS with 
high -k31, (i.e., -k31 > 0.3) were illustrated by the aM (10-18 M) sensitivity of in situ DNA 
hybridization detection without amplification and by the 100 fg/ml (10-13 g/ml) sensitivity 
of rapid, in situ protein detection in biological fluids such as troponin I detection in serum 
for early sign of myocardial infarction (heart attack), Her2 detection in serum for cancer 
treatment and monitoring, Tn antigen and anti-Tn antibody detection in serum for early 
cancer detection, and Toxins detection in stool for Clostridium difficile infection 
detection.   
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Chapter 1: Introduction of Biosensors 
 
For biomedical, environmental applications, the biosensors have become a major 
interest for many years. In clinical area, sensing technology that can provide rapid, real-
time, in situ detection result with high sensitivity is urgently needed. Right now, in 
hospitals, the gold standard method is Nucleic acid amplification technology (NAAT) 
such as PCR and LAMP for DNA detection and Enzyme linked immunosorbent assay 
(ELISA) for protein detection. However, these standard methods have their own 
limitations. To address that problem, biosensors based on different detection mechanism 
are now under development. In general, based on operation mechanism the biosensors 
can be categorized into several classes: Optical biosensor, [1, 2] electrochemical 
biosensor, [3-6] pyroelectric and magnetoresistive biosensor, [7-14]  nanotechnology 
biosensor, [15, 16] resonant biosensor and so on.[17-23] 
1.1 Existing sensing technologies for protein and DNA detection 
1.1.1 ELISA for protein detection 
Enzyme linked immunosorbent assay (ELISA) is a plate-based assay that widely 
used in the detection and quantification, such as proteins, and antibodies. In ELISA, the 
antigen is immobilized on a solid surface and then linked to the enzyme complexed 
antibody. Detection is performed by incubation and evaluation of the activity of an 
enzyme conjugated with the substrate, which process can produce a measurable product 
characterized by instruments such as: spectrophotometer, fluorometer or luminometer. 
Horseradish peroxidase (HRP) and alkaline phosphatase (AP) are the most popular 
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enzymatic markers. In ELISA, detection enzyme can be directly link to primary antibody 
or the secondary antibody which is linked to the primary antibody. The most important 
factor in the ELISA detection is a highly specific antibody - antigen interactions. ELISA 
detection is usually carried out in 96-well (or 384-well) polystyrene plates.  
 
 
Figure 1.1: ELISA method schematic (http://www.socmucimm.org/elisa-method/) 
 
To achieve better detection sensitivity, a lot of modifications have been done on 
ELISA. Sandwich ELISA was designed to achieve better antigen immobilization.  For 
example, biotin and streptavidin labeling was used for signal amplification by introducing 
more enzyme molecules in the final detection complex. Also, using a signaling molecule 
such as a fluorophore to label the detection antibody, direct Elisa detection can be carried 
out. Fluorescence labels were developed in detection to distinguish the separate signals in 
a multiplex ELISA arrays[24]. Using Chemiluminescence, the ELISA detection 
sensitivity can further increased to sub-picogram level[25]. However the ELISA method 
require significant time for method development, high costs for assay development, and 
cannot discriminate different protein that have similar characteristics. 
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1.1.2 Nucleic acid amplification technology (NAAT)--PCR and LAMP for DNA 
detection 
PCR (polymerase chain reaction) is a gold standard method for DNA (or RNA) 
detection and analysis because it has the ability to analyze a short sequence of DNA (or 
RNA) even in samples containing very small quantities of DNA or RNA.(Fig 1.2) It is a 
revolutionary method developed by Kary Mullis in the 1980s. PCR is based on using the 
ability of DNA polymerase to synthesize new strand of DNA which is complementary to 
the designed DNA template strand. Because DNA polymerase can add a nucleotide only 
onto a preexisting 3'-OH group, it needs a primer where it can add the first nucleotide. 
This makes it possible to target a specific region of template sequence that the researcher 
wants to amplify. In amplification process, the PCR reaction starts to generate copies of 
the target sequence exponentially. At the end of the PCR reaction, the specific sequence 
can be amplified into billions of copies. 
 
Figure 1.2: Polymerase chain reaction (http://projects.wakeupstar.com) 
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Real-time polymerase chain reaction (RT-PCR) is a revised method based on 
PCR technology that monitors the progress of a PCR reaction in real time, which can 
detect of PCR amplification during the early phases of the reaction. The traditional PCR 
only measured the end-point products, while the RT-PCR can give quantitative result. 
Both PCR and RT-PCR has very good detection sensitivity due to amplification. 
However, because of this, even small trace non-target DNA due to sample contamination 
can produce misleading results.[26] Also some prior sequence information is needed to 
design the PCR primers for amplification, which may it impossible to detect unknown 
pathogen or gene.  
Loop-mediated Isothermal amplification (LAMP) is a relatively new technology 
that allows DNA amplification at a constant temperature. It is an isothermal amplification 
method designed to detect a target nucleic acid without complex equipment. LAMP can 
provides high sensitivity (less than 10 copies of target) and can be carried out in 5–10 
minutes.[27] Although with many advantages, LAMP also has some limitations. The 
primer design is quite complicated, which needs to have 4-6 specific primers. Also, 
LAMP is inadequate for the detection of unknown or unsequenced targets. 
1.2 Sensing technologies underdevelopment 
1.2.1 Optical biosensor 
Optical biosensors are biosensors widely used in biomedical research, healthcare 
and environmental monitoring. Usually, the fluorescence makers are used in optical 
biosensors and they will fluoresce in reaction with target under excitation lights. Also 
many label free optical methods are recently developed including Surface Plasmon 
Resonance (SPR)[1], photonic crystal optical biosensors.[2] Figure 1.3 shows 
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femtomolar detection of testosterone using Surface Plasmon Resonance sensor by Lei 
Zhang.  However, fine optical instruments and alignment need to been done before 
detection, which make them complex and not portable. Labeling and longtime incubation 
was also needed, making them not real-time detection. 
 
Figure 1.3: Surface Plasmon Resonance (SPR).[1] 
1.2.2 Electrochemical biosensor 
Electrochemistry biosensors are biosensors that can detect molecular binding on 
the sensors surface by measuring the surface conductivity or electrolyte conductivity 
change due to target binding on surface. Electrochemistry biosensors are widely used in 
DNA hybridization,[3, 4] DNA binding[5] and glucose concentration detection.[6] Figure 
1.4 shows a label-free DNA electrochemistry biosensor for DNA hybridization by Lei 
Zhang, which can reach 35fM detection limit. However, there are also some limitations 
for these electrochemistry biosensors. For example, non-specific binding and detection 
media change can cause inaccuracy detection result. 
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Figure 1.4: A label-free DNA electrochemistry biosensor based on Au-
NPs/pThion/graphene modified electrode.[4] 
1.2.3 Pyroelectric biosensor, Magnetoresistive biosensor, NMR-based platform 
(T2MR)  
Pyroelectric biosensor are the biosensors that can generate electric signal (such as 
voltage) while there are thermal change on sensor surface to the target binding. It can be 
widely used in biomolecule reaction detections by monitoring the thermal signal released 
during the reaction.[7]  Magnetoresistive biosensors are based on the detection of the 
magnetic field change due to a magnetically labeled biomolecule interacting with a 
complementary biomolecule bound to sensor surface.[8-10] Also with the help of Giant 
Magnetoresistance (GMR) effect, Giant Magnetoresistance (GMR) Sensors was 
developed and can detect very low concentration of biomolecules.[11-14] However, the 
experimental setup is very complex and not portable.  
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Figure 1.5: DNA detection using Giant Magnetoresistance (GMR) Sensors.[14] 
T2 magnetic resonance (T2MR) is a relative new platform for DNA and protein 
detection that can directly measure molecules reactions in blood samples without labeling 
and isolation by monitoring transverse relaxation time of the nuclear magnetic resonance 
of water in sample microenvironments.[28, 29] However, the T2MR needs a high 
magnetic field environment and is motion sensitivity. 
1.2.4 Nanotechnology Biosensor  
With the development of nanotechnology, the nanotechnology biosensors are one 
of the most promising areas in nanotechnology. The sensitivity and performance of 
nanotechnology biosensors is widely improved by using nanomaterials in biosensor 
design. For example, functional nanoparticles (electronic,[30, 31] optical[32, 33] and 
magnetic[34, 35]) can be used to bind to biological molecules (such as: proteins and 
nucleic acids) which can significantly amplify the detection signals. Also, using 
nanofabrication method, nanowire and nanotube biosensors showed great sensitivity in 
protein[15] and DNA detections[16]. However, the synthesis and characterization of 
these nanotechnology biosensors is not easy and they are mechanically weak and are 
likely to break easily. 
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Figure 1.6: DNA-aptamer-modified MPC SiNW-FET device for detecting exocytotic DA 
under hypoxic stimulation from living PC12 cells.[16] 
1.2.5 Resonant biosensors  
Resonant biosensors are the biosensors using the resonance frequency as a signal 
for detection, such as quartz crystal microbalance (QCM),[17, 36, 37] surface acoustic 
wave devices (SAW)[38-40] and silicon microcantilevers.[41, 42] With targets binding 
on the sensors surface, introducing a mass change of the biosensor or a surface stress 
change, causing the resonance frequency to change. Hao etc. showed 3.5 × 102 CFU/ml 
of Bacillus thuringiensis detection using QCM with gold nanoparticles for signal 
amplification.[17](Fig 1.7) However, both QCM and SAW dimension are centimeter 
size, which makes it difficult to form arrays for multiple detections.   
 
Figure 1.7: QCM detection system for Bacillus anthracis detection.[17] 
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Comparing QCM and SAW, the silicon microcantilevers size is ideal for array 
detection due to its smaller dimensions.[43, 44] Francois etc. used the silicon 
microcantilever array for label free analysis of transcription factors detection.[44] 
However, the sensitivity is not high due to its mass effect detection mechanism 
(ng/cm2 range). Also, finely aligned optical equipment is needed to measure the silicon 
microcantilever displacements (~nm), which makes it not portable.   
 
Figure 1.8: Microfabricated cantilever array for DNA detection.[44] 
Different from silicon cantilever, piezoelectric microcantilever (PEMS) is a 
relatively new resonant biosensor with much better detection sensitivity comparing with 
QCM mass effect. The PEMS resonant frequency can be measured by electronic signal in 
real-time, which makes it a portable real-time detection biosensor with high sensitivity. 
The PEMS have been widely used to carry out physical[45-47], chemical[48] and 
biological[18-23] sensing application successfully with very good detection sensitivity in 
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our group.  McGovern et al. in our group carried out Bacillus anthracis detection using 
PEMS and showed great detection limit of 45 spores/ml.[20] L. N. Loo and  J. A. 
Capobianco carried out Her2 detection in patient serum samples to diagnose breast 
cancer, reaching 0.75 ng/ml Her2 detection limit in serum.[22] By carrying out DMMP 
detection using PEMS and QCM, Qin Zhu et al. in our group showed that PEMS has 
more than 100 times detection enhancement comparing with QCM mass effect 
only.[48](Fig. 1.9)  
 
Figure 1.9：Resonance frequency shifts of planar MPS-coated PEMS, microporous 
silica-coated PEMS, and planar MPS-coated QCM for DMMP detection. 
Later, Qin Zhu et al. carried out a humility detection using PEMS and found out 
that the relative frequency shift is similar with DC bias induced relative frequency due to 
polarization switching, which suggests the polarization switching induced Young’s 
modulus could be the reason for the more than 100 times larger detection enhancement 
comparing with QCM mass effect only.[49]  
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Figure 1.10: PEMS relative frequency shift Vs relative humidity (%) and DC bias field 
and polarization switching with DC bias field. 
However, no direct evidence of surface molecule binding induced polarization 
switching was provided. Also, How to further improve the PEMS detection sensitivity 
and how the piezoelectric materials property will affect the PEPS sensitivity is not clear. 
These two questions will be addressed in the following chapters. 
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Chapter 2: Introduction of piezoelectricity, perovskite piezoelectrics, and 
(Pb(Mg1/3Nb2/3)O3)0.65-(PbTiO3)0.35 piezoelectric microcantilever (PEMS)  
2.1 Background of piezoelectric 
2.1.1 Piezoelectrics: general piezoelectrics and their properties 
Piezoelectric is a word from Greece, meaning squeezing or pressing. The 
piezoelectric effect concerns a material’s ability to generate charge in response to an 
applied mechanical stress. One of the unique characteristics of the piezoelectric effect is 
that it is reversible such as direct piezoelectric effect and the converse piezoelectric 
effect.  
Piezoelectricity happens when the piezoelectrics is under certain mechanical 
stress, the positive and negative charge centers shifts, introducing an external electric 
field, which is called direct piezoelectric effect. In the converse case, if the external 
electric field is applied, either tensile or compress stress will be generated in piezoelectric 
material, which is called converse piezoelectric effect.(Fig. 2.1) Piezoelectric effect is 
widely used in many applications such as speaker, voltage generation, electronic 
frequency generation, microbalances and so on.  
 
Figure 2.1: Direct piezoelectric effect and Converse piezoelectric effect 
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There are many materials, including both natural (such as bones) and artificial 
materials, possess piezoelectric effect. Piezoelectric ceramic such as lead zirconate 
titanate and barium titanate are widely studied and used in various applications. In recent 
years, due to toxicity and environmental issues, lead-free piezoelectric materials become 
a great interest to researchers and some of their enhanced piezoelectric property is 
approaching that of the lead-based piezoelectrics.  
Piezoelectric ceramics are usually polycrystalline, which means that the whole 
ceramic consists with many small crystals with a random polarization orientation. Above 
Curie temperature the polarization orientations are random due to the random thermal 
motions of the dipole moment resulting in a net zero polarization of the whole ceramic. 
Below the Curie temperature, there is less thermal random motions of the dipole 
moments, resulting in certain net polarization for the whole ceramic. To create net 
polarization, an electric field can be applied to align the polarization direction of the 
different small crystals to a direction which is allowed by the crystalline symmetry. This 
process is called “poling”. (Fig. 2.2) After poling, the polycrystals can show 
piezoelectricity with a net polarization. 
 
Figure 2.2: Schematic illustration of the poling process (Xu, 1991) 
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2.1.2 Perovskite piezoelectrics  
Traditional piezoelectric ceramic usually has a crystal structure called perovskite 
structure (ABO3), which consists of a small, tetravalent metal ion (B) (usually titanium 
or zirconium) in body center and larger, divalent metal ions (A) (usually lead or barium) 
in each corner, and O2- ions in face centers. (Fig. 2.3) The perovskite structure usually 
has a tetragonal or rhombohedral symmetry under Curie temperature, and the 
displacement of B ion will introduce a dipole moment for the whole crystal. Barium 
titanate (BaTiO3) was a widely used perovskite piezoelectrics due to its good coupling 
factors and relatively good operation temperature range. 
 
 Figure 2.3: Schematic of the perovskite structure (ABO3)  
Different perovskite piezoelectrics can also be mixed together to produce a solid 
solution to achieve a better piezoelectric property. For example, the widely used 
piezoelectric ceramic lead zirconate titanate (Pb[Zr(x)Ti(1-x)]O3) PZT, is a solid solution of 
lead zirconate and lead titanate, both of which are perovskite piezoelectrics. Also, Lead 
magnesium niobate-lead titanate (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-PT), a relatively 
new piezoelectric ceramic, is a solid solution of lead magnesium niobate and lead 
titanate. 
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There are also some non-perovskite piezoelectric materials, such as LiNbO3 and 
GaPO4, showing better temperature-independent performance due to their high Curie 
temperatures.  However, their dielectric constant and piezoelectric properties are usually 
much smaller than perovskite piezoelectric materials.  
2.1.3 Soft and hard Perovskite piezoelectric materials 
By adding soft dopants (such as La3+, Nd3+, which has a larger ionic radius than 
Pb2+) in the perovskite material, Pb vacancy is created. This makes the transfer of atoms 
relatively easier and the polarization is easier to switch under electric field or mechanical 
stress. The soft doping increases the piezoelectric coupling coefficient, relative 
permittivity and resistivity of the piezoelectrics.  By adding hard dopants (such as K+, 
Na+, which has a smaller ionic radius than Pb2+) in the perovskite material, oxygen 
vacancies are created and the space charge increases, which makes the polarization 
switching hard. The hard piezoelectric materials usually have lower dielectric constant, 
lower dielectric loss, higher coercive field, and a lower piezoelectric coupling coefficient. 
2.1.4 Extrinsic and intrinsic piezoelectricity 
The piezoelectric effect in a piezoelectric can be attributes to two parts: extrinsic 
and intrinsic piezoelectricity. (Fig. 2.4) The intrinsic piezoelectricity comes from the 
crystal lattice parameter change such as elongation of a lattice (deformation of a unit cell) 
under certain mechanical stress or electric field. This elongation of a lattice changes the 
dipole moment by varying the distance between the positive and negative charger center. 
The extrinsic piezoelectricity comes from polarization switching in which the dipole 
direction changes under certain electric field or mechanical stress. Since in perovskite 
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piezoelectric materials, polarization direction is determined by crystalline orientation 
direction, in this thesis polarization switching will be described as crystalline orientation 
switching. There are 6 dipole directions in a tetragonal crystal, 12 dipole directions in a 
orthorhombic crystal, and 8 dipole directions in a rhombohedral crystal. 
 
Figure 2.4: Intrinsic and extrinsic piezoelectricity. 
 
 
Figure 2.5: Extrinsic and intrinsic -d31 and -d33 of PZT vs temperature. 
Usually, at room temperature, the extrinsic piezoelectricity (due to polarization 
switching) contributes much more than the intrinsic piezoelectricity. It was found that in 
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PZT system the extrinsic piezoelectricity contribution is around twice of the intrinsic 
contribution (Figure 2.5).[50] 
2.1.5 Piezoelectric coefficients 
Piezoelectric Coefficients are important parameters to describe the property of 
piezoelectric materials. For example, coupling factor k describes the ability of a 
piezoelectric material convert electrical energy into mechanical energy or vice versa. The 
square of k equals to the fraction of the mechanical energy input into piezoelectric 
materials over the output electrical energy from the piezoelectric materials (or vice 
versa).  
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k2 and k is always smaller than 1 because the conversion between input and 
output energy usually could not fully complete. The detail expression of k is defined by 
the shape and direction of the piezoelectric element. For example, -k31 is the coupling 
factor for transverse oscillation of a piezoelectric material plate and kt is the coupling 
factor for the thickness oscillation of a plate. For a disc ceramic, kp is the coupling factor 
to express radial coupling between an electric field and mechanical response which 
causes radial vibrations of the disc.  
 
Piezoelectric charge coefficient, dij is the ratio of induced electric charge to 
mechanical stress or of achievable mechanical stress to electric field applied (T = 
constant). For dij the first subscript i indicates the direction of polarization or the direction 
of the applied electric field. The second subscript j indicates the direction of the applied 
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stress or the induced strain. For directions, usually, the subscript 3 means the poling 
direction of the material. 1 and 2 are two axes directions in the plane normal to 3 
direction. For example, d33 describe the introduced strain per unit area in direction 3(the 
polarization direction) with an applied electrical field also in direction 3. While for d31, it 
describes the induced strain along direction 1 (perpendicular to direction 3) per unit with 
an electric field applied along direction 3. Piezoelectric d33 meter can be used to calculate 
piezoelectric material’s d33 using a sample with a known d33 value. And for calculation of 
d31, the d31 can be deduced using equation base on -k31 value.  
 
2.2 PMN-PT piezoelectric material, PMN-PT freestanding films, and PMN-PT 
PEMS 
2.2.1 PMN-PT and its soft piezoelectrics  
Lead magnesium niobate-lead titanate, (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-
PT) is a relative new perovskite piezoelectrics with good piezoelectric property, which is 
a solid solution of lead magnesium and  lead titanate. It has been widely studied that the 
solid solutions of piezoelectric materials can reach the optimal piezoelectric properties 
(piezoelectric coefficients and electromechanical coupling factors) near a composition 
range called the morphotropic phase boundary (MPB). Near the MPB boundary, more 
polarization directions are available allowing switching to occur more easily. For PMN-
PT, the (Pb(Mg1/3Nb2/3)O3)0.65-(PbTiO3)0.35 is near its MPB boundary, where its d33 can 
be as high as 700 pC/N for polycrystals and 2000 pC/N for single crystals, while the kp 
can reach 0.5 for polycrystal and 0.92 for single crystal.[51]  
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2.2.2 PMN-PT freestanding films 
In our group Luo Hongyu et al. has developed a novel method of synthesizing 
lead magnesium niobate-lead titanate, (Pb(Mg1/3Nb2/3)O3)0.65-(PbTiO3)0.35 (PMN-PT) 
solid solution freestanding films with a giant field-enhanced piezoelectric response.[52, 
53] Using tape casting method, different thickness (8µm, 22 µm) of PMN-PT 
freestanding films can be synthesized. Comparing with commercial PZT, the 8µm PMN-
PT showed a much larger –d31 with an applied electric field. [54] (Fig. 2.6) 
 
Figure 2.6: (a) a SEM micrograph of the freestanding 8 mm thick PMN-PT film and (b) 
the deduced d31 versus electric field (E) of the PMN-PT film, PMN-PT bulk, and 
commercial PZT measured in cantilever geometry.  
2.2.3 PMN-PT PEMS and PEPS 
Using the 8 μm or 22 μm thick freestanding PMN-PT film synthesized by Luo et 
al. in our group the PMN-PT piezoelectric microcantilever (PEMS) was fabricated [54]. 
After sintering, the one side of PMN-PT freestanding film was coated with a 30 nm thick 
nickel layer with 15 nm chromium bonding layer by thermal evaporator (Thermionics VE 
90). Then the Cu layer was electroplated on the nickel surface at a rate of 200-500 
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nm/min using a plating solution of copper sulfate with sulfuric acid. After that, 50 nm 
thick of chromium and 200 nm thick of gold electrodes were coated on both sides by 
thermal evaporator.  PEMS were fabricated by cutting the gold-coated PMN-PT 
freestanding films into strips 500-600 µm wide and 2300 µm long by a wire saw 
(Princeton Scientific Precision, Princeton, NJ). Two gold wires 10 µm in diameter were 
then attached to the top and the bottom electrodes of a strip using a conductive glue 
(8331, MG Chemicals). The rear end of the strip was then glued to a glass slide to form 
the final plate geometry. The strips were then poled for 30 min with an electric field (15 
kV/cm) at 80◦C on a hotplate.[55] The PEMS was used to carry out physical[45-47], 
chemical[48] and biological[18-23] sensing application with good detection sensitivity. 
 
 
 
 
 
 
 
a. Structure of a PEPS                                   b. Structure of a PEMS 
Figure 2.7: Structure difference: The PEPS has no copper layer while the PEMS has a 
2.5-3.5μm thick copper layer. 
In this thesis study, PMN-PT piezoelectric plate sensor (PEPS) was used for study 
instead of PEMS. The difference between PEPS and PEMS is that the PEPS is thinner 
without the copper layer (~4 µm), which indicated by the figure 2.7. The reason using 
PEPS instead of PEMS is thinner thickness can generated more strain with certain surface 
stress on two surface. Without copper layer, the PMN-PT layer is easier to extend or 
shrink, introducing more polarization switching, which can enhance the sensor’s 
Piezoelectric layer 
 
Cr/Au electrode 
 
Piezoelectric layer 
 
Cr/Au electrode 
Insulation 
layer 
Insulation 
Copper layer 
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detection sensitivity. Figure 2.8 shows a typical PEPS spectrum with its SEM 
microstructure and top-view optical micrograph. 
 
Figure 2.8: (a) Cantilever spectra in air and PBS after insulation (Inserting a cross-section 
view scanning electron microscopy (SEM) micrograph of the PMN-PT PEPS used in this 
study.) and (b) a top-view optical micrograph. 
2.2.4 -k31, -kt, -d31, d33 of PEPS  
Since PEPS is a piezoelectric material plate sensor with an electric field applied in 
the thickness direction during poling process, -k31 should be used as the coupling factor 
for transverse oscillation in PEPS. For each PEPS, the -k31 can be calculated based on 
resonance spectra. The resonance spectrum and dielectric constant of a PEPS were 
measured using an impedance analyzer (Agilent, 4294A). A PEPS typically exhibits 
strong resonance peaks associated with the first length extension mode (LEM) and width 
extension mode (WEM) vibrations (Fig. 2.9(a)).  
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Figure 2.9: (a) The phase-angle-versus-frequency resonance spectra of a 8.0-µm PMN-
PT PEPS coated with MPS insulation in-air and in-PBS and (b) the electrical impedance 
(blue) and phase angle (black) versus frequency of the PEPS in (a) around the WEM peak 
from which k31 was deduced where fs and fp are the series and parallel resonance 
frequencies approximated as the minimum and maximum of the impedance, respectively. 
 
Here, the -k31 could be deduced from the WEM peak using the following 
equation[56]   
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where fs and fp were the series and parallel resonant frequencies approximated as the 
minimum and maximum of the electrical impedance versus frequency plot around the 
WEM resonance peak as illustrated in Figure 2.9(b). As an example, based on the 
resonance spectrum of the MPS-coated PEPS, it has a -k31 =0.340 as shown in Fig. 2.9(a).  
It is well known that piezoelectric coefficients are very important for piezoelectric 
materials performance. However, for PEPS, the relationship of those piezoelectric 
coefficients to the PEPS performance was not clear yet. Here in this thesis, that 
relationship study will be carried out and the method to improve the PEPS detection 
performance based on piezoelectric coefficients will also be checked out and validated. 
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2.3 Chapter summary 
In summary, Pb(Mg1/3Nb2/3)O3)0.65-(PbTiO3)0.35 (PMN-PT) is a soft piezoelectric 
material with perovskite structure with good piezoelectric property. PMN-PT 
piezoelectric microcantilever (PEMS) already showed good detection sensitivity in bio-
detections. However, how to further improve the PEPS detection sensitivity and what is 
the relationship of piezoelectric coefficients to the PEPS performance was not 
established. The study of the effect of piezoelectric property on PEPS performance will 
be carried out in the following chapter. 
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Chapter 3: Motivation, objectives, and specific aims 
3.1. Motivation  
PMN-PT piezoelectric plate sensor (PEPS) already showed great sensitivity in 
physical[45-47], chemical[48] and biological[18-23] sensing application in our group. 
However, a fundamental understanding of the relationship of PEPS detection 
performance with PEPS materials property such as piezoelectric coefficient is missing. 
Also, different PEPS performance may vary due to small variation of materials property. 
How to normalize each PEPS performance will be a critical issue for PEPS array 
detection. So in this thesis I will try to find a method and equation to link the PEPS 
detection sensitivity to its piezoelectric properties, checking whether PEPS with better 
piezoelectric property shows better detection performance. In the last part of this thesis, 
PEPS with better piezoelectric properties are used in various bio-detection systems such 
as DNA hybridization detection and protein detection to check their improved enhanced 
detection sensitivity. 
3.2. Objectives  
The goal of this thesis is to link the PEPS piezoelectric property with PEPS 
sensitivity and demonstrate the enhanced PEPS’s sensitivity in different detection 
systems. Three objectives are as follows: (1) Fabricate PMN-PT PEPS of various –k31 
induced by different grain sizes or DC bias voltage and using biotin and streptavidin 
detection as a model to correlate the detection resonance frequency shift of a PEPS to its 
–k31 both by a different grain size and by a DC bias voltage. (2) Directly demonstrate the 
switching of the crystalline orientations of the PMN-PT layer upon analyte binding and 
quantitatively correlate the detection resonance frequency shift with the crystalline 
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orientation switching. (3) Apply PEPS with improved enhanced sensitivity to various 
detection systems such as DNA hybridization detection and protein detection to illustrate 
PEPS sensitivity.  
3.3. Specific aims of this thesis study 
Three detailed aims for this thesis are:  
 
Aim 1: Investigate the correlation of relative detection resonance frequency shift with 
PEPS piezoelectric (–k31). Based on the relationship of PEPS relative resonance 
frequency shift with –k31, improve PEPS detection performance by materials property 
such as grain size or a DC bias voltage. Second, finding out a normalization method to 
control the PEPS and PEPS array performance reliability (-k31 normalization and high 
slat normalization). 
 
Aim 2: Experimentally demonstrate the binding-induced crystalline orientation switching 
of the PMN-PT layer by direct X-ray diffraction studies and to quantitatively correlate 
the relative detection resonance frequency shift with the crystalline orientation switching. 
 
Aim 3: Illustrate PEPS improved enhanced detection sensitivity in various detection 
systems such as DNA hybridization detection and protein biomarkers in biological fluids 
such as Her2 in serum, Clostridium difficile toxins A and B in stool, Troponin I and Tn 
antigen in serum. 
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Chapter 4: Effects of transverse electromechanical constant –k31, thickness of 
(Pb(Mg1/3Nb2/3)O3)0.65-(PbTiO3)0.35 piezoelectric plate sensor (PEPS) to 
detection sensitivity 
 
        The piezoelectric materials are widely used in biosensor applications such as 
piezoelectric biosensor. However, there are very few literatures that describe the 
piezoelectric materials property effect on the detection performance of piezoelectric 
biosensors. In this chapter, by changing the PEPS materials property such as increasing 
the PEPS grain size, the PEPS –k31 could be increased. Also, using a proper DC bias 
voltage, the PEPS –k31 could be increased due to polarization switching. Finally, using a 
biotin and streptavidin as a model detection system, the relationship of PMN-PT PEPS 
detection performance with its piezoelectric materials property such as transverse 
electromechanical constant –k31 is discussed. It is found that, the PEPS detection 
performance has a linear relationship with PEPS –k31. Larger grain size and proper DC 
bias can both help increase the PEPS detection performance due to induced larger –k31. 
4.1 Review of piezoelectric material microstructure effect on piezoelectric 
property 
4.1.1 Review of material microstructure effect on lead-based piezoelectric materials 
property 
         There have been many earlier attempts to investigate the influence of grain size on 
the piezoelectric properties in piezoelectric ceramics. In lead-based piezoelectric 
materials, piezoelectric property can be affected by its microstructure such as grain size. 
For example, Randall et al[57] showed that the piezoelectric coefficients, d33 and -d31, and 
electromechanical coupling constants, -k31 and -kp, of lead zirconate-lead titanate (PZT) 
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ceramics increased with an increasing grain size due to the extrinsic contributions of 
polarization switching.  
The grain size can affect the piezoelectric property because: (1) the grain 
boundary does not have ferroelectricity property because it is amorphous. With smaller 
grain, the volume percentage of grain boundary is larger. Because of this, amorphous 
volume percentage in total piezoelectric crystal is larger, which reduces the overall 
crystal piezoelectric property. (2) The grain boundary becomes a wall between different 
domain orientations, which will constrain polarization switching. Small grain size crystal 
has more grain boundary percentage which limits the piezoelectric properties of the 
materials. Because of this, in piezoelectric ceramics, larger grain size is preferred to 
achieve better piezoelectric properties for applications. 
Similar grain size effects on piezoelectric properties were also found in PMN-
PT[58] and in lead-free piezoelectrics such as sodium potassium niobate.[59] 
Piezoelectric thin films with a larger grain size were also shown to exhibit better d33 and -
d31 coefficients at the same thickness.[60, 61] It is known that polarization switching 
capability in a soft piezoelectric such as PMN-PT and PZT can be controlled by the grain 
size of the piezoelectric as grain boundaries have been shown to inhibit polarization 
switching.[62, 63] 
4.1.2 Review of material microstructure effect on lead-free piezoelectric materials 
property 
In lead-free piezoelectric materials, similar effect of grain size was also observed 
in a lot of lead-free piezoelectric materials system such as BaTiO3 system[64, 65] and 
Na0.5K0.5NbO3 (NKN) system.[66, 67] By increasing the grain size those lead-free 
28 
 
  
piezoelectric property with different sintering conditions, these lead-free piezoelectric 
materials piezoelectric property could be largely enhanced for various applications.  
4.2 Grain size effect on PMN-PT freestanding film piezoelectric property 
4.2.1 Sintering of different grain size 8µm PMN-PT freestanding film 
In this study double crucible method was used to control the grain size of PMN-
PT free-standing film. Sintering of PMN-PT green tape was done under PbO vapor 
controlled atmosphere because Pb element is relatively easy to evaporate at the sintering 
temperature which is usually higher than 1000°C. With the help of PbO vapor generated 
by PbO, the Pb evaporation inside PMN-PT would be reduced, keeping the PMN-PT at 
its stoichiometry near the MPB boundary with good piezoelectric property after sintering. 
To achieve that, first, the green tape which had a thickness of 12 μm were cut to the size 
of 10 mm X 10 mm and placed on a flat alumina plate for sintering. To prevent the 
evaporation and loss of Pb element from PMN-PT tape during the sintering process at 
high temperature, 0.6 g of PbO powder (99.9%, Alfa Aesar) was placed inside the small 
crucible to control the PbO atmosphere by changing the open ratio of the cap on the small 
crucible (as showed in figure 4.1). Sintering temperature and time were 1175 °C and 2 hr, 
respectively. 
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     Figure 4.1: Double crucible method set up to control the grain size and the open ratio 
control. 
To control the lead atmosphere during the sintering, the gap of cover on the small 
crucible was adjusted to different size such as shown in Figure 4.1. Here an open ratio 
was defined as L1/L2. L1 is the leak distance and L2 is half diameter of the crucible. The 
larger open ratio, the easier the lead oxide will evaporate during the sintering. The high 
lead atmosphere generated due to PbO can help sinter the PMN-PT tape more easily by 
introducing a liquid phase sintering. This will help the grain grows much faster in 
sintering step and reach full sintering density more easily. Here different sintering open 
ratios were used to study their effect on sintering result of PMN-PT freestanding films.  
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     Figure 4.2: SEM pictures of different grain size PMN-PT thick film micro structure 
after sintering. 
After sintering, Scanning Electron Microscopy (SEM) was used to check the 
sintering result and microstructure. From the SEM pictures, we can see different grain 
size (1.6µm~8µm) of full density PMN-PT thick film with the same 8µm thickness could 
been got by using this double crucible sintering method with different open ratio set up 
(Figure 4.2). With the increase of lead oxide open ratio, the grain sizes of the sintered 
strips also increase. This happens because the lead oxide become a liquid sintering aid in 
PMN-PT sintering, which makes the grains grow fast in a fixed temperature. Following 
this protocol, certain grain size PMN-PT strips can be obtained by choosing a proper 
open ratio during sintering. 
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However, on the other hand, too high lead atmosphere during the sintering will 
change the sample composition and the excess lead in PMN-PT sample will introduce a 
large loss factor which will destroy the good piezoelectric property of PMN-PT and 
damage the PMN-PT PEPS sensor performance. For the 6 µm and 8 µm grain size PMN-
PT strips, their loss factors are relatively higher due to excess lead left in the strips after 
sintering with higher open ratio sintering condition. Consequently annealing method was 
used to reduce these samples high loss factor. For the 6 µm grain size sample, the loss 
factor can be reduced from 10-20% to 3-4% by annealing at 650ºC for 12 hours. For the 8 
µm grain size sample, 16 hours annealing can reduce their loss factor from >100% to 3%-
4% percent. After annealing, those two larger grain size samples were used for their 
property study and PEPS making together with the smaller grain size samples.  
 
Figure 4.3: X-ray Diffraction (XRD) result of different grain (from 1.6µm to 8µm) size 
PMN-PT film. 
X-ray diffraction (XRD) was also carried out on these PMN-PT samples of 
different grain size to check theit crystal structure after sintering. From the XRD results 
(Figure 4.3) we can see that for all the samples , they all have a good PMN-PT perovskite 
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structure with no impurity peak, which allow them to keep good piezoeleltric property 
even with different grain size. 
4.2.2 Grain size effect on PMN-PT freestanding film piezoelectric property such 
as: dielectric constant, -k31 and d31. 
After sintering, these different grain size PMN-PT strips were coated with Au/Cr 
eletrode layer (~150nm) using thermal evapration. First coating Cr for 50 nm as a binding 
layer and 100nm of Au after Cr coating. After eletrode coating, these strips were cut into 
recatnagle strips (~5mmX5mm) by using a wire-saw (Princeton Scientific Precision, 
Princeton, NJ). Then, gold wires 10 µm in diameter were attached to the top and the 
bottom electrodes using conductive glue (8331, MG Chemicals). After that, the rear end 
of the strip was glued to a glass slide to form the final plate geometry. The strips were 
then poled at 15 kV/cm and 80◦C for 30 min on a hotplate. The dielectric constant was 
calculated based on the strips surface area, thickness and capacitance measured at 1 KHz 
using Impedance analyzer (4294A, Agilent).  The -k31 and d31 can be caculated using 
resonance method after making these strips into piezoelectroc plate sensor (PEPS).Figure 
4.4 showed an optical image of a PEPS and its spectrum. Based on IEEE standard, for a 
piezoelectric plate with an electric field applied in the thickness direction such as in a 
PEPS, the -k31 could be deduced from the WEM peak using the following equation (2.2)  
which is discussed in chapter 2.[56]  
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Figure 4.4: Piezoelectric plate sensor optical image made from PMN-PT thick film and its 
spectra. 
 
Since we can calculate the -k31 values for PMN-PT PEPS with different grain 
sizes based on its spectra, here we want to study the grain size effect on PEPS -k31 value. 
In Fig. 4.5, we plot the -k31 versus G where G is the average grain size of each PEPS as 
determined from the SEM micrographs. Also plotted is the dielectric constant (ε) versus 
G. As can be seen, ε also increased with an increasing grain size. This result was 
consistent with the fact that grain boundaries acted as barriers for crystalline orientation 
switching. As the grain size increased, the density of grain boundaries decreased thereby 
reducing the density of barriers of crystalline orientation switching. In fact, as can be seen, 
-k31 increased with an increasing G as -k31∝ log(G), similar to the results of Randall et 
al.[68] Also shown in Figure 4.5 is dielectric constant, ε, versus G, which also exhibited a 
logarithmic behavior with grain size for fully dense PMN-PT polycrystal.  
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                      Figure 4.5:  -k31 and dielectric constant, ε, as a function of grain size 
4.3 DC bias effect on PMN-PT piezoelectric coefficient –k31 and d31 
Also, the DC bias effect on PMN-PT coefficient –k31 and d31 was also studied on 
those different grain size PEPS to check the grain size effect on –k31 with different DC 
bias voltage.  
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Figure 4.6: (a) Grain size effect on -k31 DC bias and (b) maximum -k31 for different grain 
size. 
From the figure 4.6(a) we can see that without electric field (DC bias=0V), larger 
grains show larger -k31. With a positive DC bias the -k31 of larger grain size sample 
increases faster with electric field. And for the same low electric field, larger grain size 
PEPS has higher -k31. This indicates the crystalline orientation of large grain PEPS is 
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easier to switch for larger grain size PEPS. With a negative DC bias, the -k31 of larger 
grain size sample also increases faster with negative DC bias voltage. The three larger 
grain size PEPS (3.4 µm; 4.0 µm; 8.0 µm) formed peaks at different negative DC bias 
voltages and 8.0 µm grain size PEPS formed peak at under the lowest electric field. The -
k31 peak indicates the optimized crystalline orientation induced by negative DC bias and 
larger grain size PEPS can reach –k31 maximum earlier with low negative DC bias, which 
also indicates the polarization is easier to switch for larger grain size PEPS. From the 
Figure 4.6(b) we can also see that maximum of -k31 also increases with grain size while 
grain size is smaller than 3.4µm and keep relatively constant while larger than 3.4 µm to 
8 µm. 
After obtaining the -k31 for each PEPS, the d31 can be calculated using the 
equation:  
d
31
= k
31
 * ∗ .∗ !"!!  (4.2) 
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Figure 4.7: Grain size effect on d31 Vs DC bias. 
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Figure 4.7 shows the change of –d31 of different grain size PEPS with different 
negative and positive DC bias voltage. From the figure we can see that, the change of -d31 
with DC bias for different grain size has a similar pattern as the -k31 change with DC bias. 
The d31 of large grain size PEPS increases faster with negative electric field than small 
grain size PEPS. This is also due to the fact that the polarizations in large grain size is 
easier to switch due to less grain boundary density, which can induce better piezoelectric 
coefficient and piezoelectric property. 
 
Figure 4.8: Poling temperature effect on -k31 for different grain size sample. 
Also, for different grain size PEPS, different poling temperatures were tried to 
study the poling temperature effects on -k31. The poling temperature was range from 80ºC 
to 140ºC. From the figure 4.8 we can see that, larger grain size PEPS can be poled at 
relative lower poling temperature to reach its maximum -k31. For 8 µm grain size PEPS, 
the best poling temperature is 90ºC. While for 1.6 µm grain size PEPS, the best poling 
temperature is higher at 130ºC. This can be also explained by the effect that in larger 
grain size PEPS the crystalline orientation is relative easier to move and align with 
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external electric field. So the poling is easier to accomplish at lower temperature and the 
PEPS can reach maximum piezoelectric coefficient easier.  
4.4 PEPS detection enhancement model study  
Since both grain size and DC bias can change PEPS –k31 value, here we want to 
study the PEPS –k31 effect on PEPS performance in real detection. Different –k31 can be 
achieved by two methods: 1) By controlling the PEPS grain size, PEPS with different –
k31 can be made. 2) For the same PEPS, different –k31 value can be introduced by 
applying an external DC bias voltage. 
4.4.1 Using biotin and streptavidin binding as a model for detection 
Biotin-streptavidin  is a well-established receptor immobilization scheme.[69] For 
present study, we covalently immobilized biotin on the sensor surface and used biotin-
coated PEPS to detect streptavidin as the model detection. To covalently immobilize 
biotin on a PEPS surface, a MPS-coated PEPS is immersed in 100 ml of 2 μM 
maleimide-PEG-biotin (Thermo scientific, IL) for 30 min for the maleimide of the 
maleimide-PEG-biotin reacted with the thiol group of the MPS surface as schematically 
shown in Fig. 4.9(a) to covalently immobilize biotin on the PEPS surface. The PEPS was 
then rinsed in PBS for three times followed soaking in PBS for 20 min to monitor the 
resonance peak stability to ensure that the electrical insulation was adequate and the 
PEPS was stable in PBS. Once we made sure that the PEPS was stable, the PEPS was 
then placed in a 0.1 mg/ml streptavidin solution in PBS for 30 min at room temperature 
to allow streptavidin to bind to the immobilized biotin on the PEPS surface as 
schematically shown in Fig. 4.9(b). It was this streptavidin-biotin binding period in which 
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the LEM resonance frequency of the PEPS was measured for the model streptavidin 
detection. 
  
 
                                                      (a) 
 
 
                                                           (b) 
                                                 
 
Figure 4.9: (a) A schematic of biotin immobilization reaction on a PEPS surface, (b) a 
schematic of PEPS detection of streptavidin binding on the immobilized biotin. 
4.4.2 Grain size effect on detection result 
To check the Grain size effect on PEPS detection performance, PEPS with 
different grain size was made by double crucible sintering method with different open 
ratio. By controlling PbO vapor pressure with different open ratio during sintering, PMN-
PT thin sheets of different grain sizes ranging from 0.6-6 µm could be obtained. As 
examples, Figs. 4.10 show the cross-section scanning electron microscopy (SEM) (FEI 
XL30) micrographs of PMN-PT sheets of different grain sizes. 
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Figure 4.10: Scanning electron microscope (SEM) micrographs of 8µm thick PMN-PT of 
different grain sizes, G, by different sintering conditions:  (a) G=0.6 µm; (b) G=1.0 µm; 
(c) G=1.6 µm; (d) G=2.3 µm; (e) G=2.7 µm; (f) G=3.4 µm; (g) G=4.0 µm; (h) G=6.0 µm. 
Model streptavidin detection using PEPSs with different grain sizes was carried 
out as described above. For each PEPS with different grain size, the dielectric constant 
and –k31 was measured before model detection. From the Figure 4.11, we can see that 
both PEPS dielectric constant and –k31 increase with PEPS grain size. 
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Figure 4.11: Grain size effect on PEPS dielectric constant and -k31 from full density 
sample  
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As an example, we showed the Δf/f as a function of detection time of three PEPSs 
with three different grain size: A) 1.6 µm grain size PEPS with –k31=0.301 (circles), B) 
2.7µm grain size PEPS with –k31=0.322 (triangles), and 4.0 µm grain size PEPS with –
k31=0.340 (squares) respectively in Fig. 4.12 in which the first 15-20 min was for three 
PEPS stability monitoring and the streptavidin detection was carried out between t = 20 
to 50 min. Note that not all PEPS have the same length and width, as a result, the 
resonance shift, –Δf, contained the effect of sensor geometry. To remove the effect due to 
the geometry of the sensor, we used the relative resonance frequency shift -Δf/f as a 
measure of sensor performance. 
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Figure 4.12: Examples of -Δf/f as a function of time of model streptavidin detection of 
PEPSs with different –k31. 
 
Here we use the value of -Δf/f (an adjacent average of 5 data points) at t = 50 min 
as a measure of the sensor performance to correlate with grain size. The summary of 
detection responses (-Δf/f) of different PEPS with different grain size are shown in Fig. 
4.13. From the figure we can see that the magnitude of the final Δf/f was larger for a 
PEPS with a larger grain size. (Δf/f increases linearly with grain size as log (d)) 
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Figure 4.13: -Δf/f as a function of grain size. 
Also, based on each PEPS different –k31 value due to different grain size, we plot 
the PEPS detection responses (-Δf/f) Vs PEPS –k31 value. From the Figure 4.14 we can 
see that the PEPS detection responses (-Δf/f) increase with PEPS –k31. A larger -k31 PEPS 
(induced by a larger grain size ) gave rise to a larger -Δf/f was understandable since the 
coupling constant -k31 of a soft piezoelectric such as PMN-PT was mostly due to the 
extrinsic effect of crystalline orientation switching at room temperature[50] and the 
relative detection resonance frequency shift -Δf/f was a result of the piezoelectric layer’s 
Young’s modulus change due to the crystalline orientation switching induced by the 
surface stress generated by the binding of the target molecules to the sensor 
surface.[46],[48] Thus, by increasing the grain size of PEPS, the –k31 of a PEPS increases 
and the relative resonance frequency shift(-Δf/f) of the PEPS for the same detection was 
enhanced.   
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Figure 4.14: -Δf/f at time =50 min as a function of –k31 of the model streptavidin 
detection for PEPSs with different –k31. 
4.4.3 DC bias effect on detection result 
The electromechanical coupling constant -k31 could also be increased by applying 
a direct current (DC) bias electric field on PEPS as discussed in section 4.3. As an 
example, we plot -k31 and the dielectric constant (ε) versus a DC bias electric field, E for 
a PEPS with 3.4 μm grain size in Fig. 4.15(a).  
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Figure 4.15: (a) -k31 (full circles) and dielectric constant (ε) (open square) versus DC bias 
electric field, E of the PEPS with grain size G=3.4 μm (b) Schematics illustrating how 
polarization is switched in a positive (I) and a negative (II) DC Bias electric field. 
From the Figure 4.15(a) we can see that both -k31 and ε increased with an 
increasing DC bias electric field, E, regardless whether the electric field was parallel 
(positive E) or opposite (negative E) to the poling direction. This was due to the fact in 
PMN-PT thin sheets, the polarization that was opposite to the applied electric field went 
through a two-step switching process. The polarization first switched to a lateral direction 
at an intermediate electric field before it finally switched to the parallel direction to the 
electric field.[70] In the intermediate electric field range, both –k31 and ε increased as 
there were more crystalline orientations with lateral polarization orientations which were 
known to exhibit a larger –k31 and ε.[71] For the current study, we only explored DC bias 
electric fields in the range where the polarization was switched to the lateral direction as 
schematically illustrated in Figure 4.15(b). As a result, in this electric field range, –k31 
and ε increased with an increasing magnitude of the DC bias electric field.  
We also carried out the same streptavidin detection using the same PEPS but with 
a different DC bias electric field. The result is shown in Fig. 4.16 where –Δf/f is plotted 
as a function of –k31. As can be seen, the -Δf/f also increased with an increasing electric 
field-enhanced –k31. 
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Figure 4.16: The relative frequency shift, -Δf/f, at t=30 min versus -k31 of the PEPS with 
G=3.4 µm with various DC bias electric fields, E. 
4.4.4 PEPS –k31 effect on detection result due to grain size and DC bias change. 
 
Finally, we combined the results in Fig. 4.14 and Fig. 4.16 in Fig.4.17 where -Δf/f 
is plotted versus -k31 regardless whether the -k31 value was obtained by changing the 
grain size or by applying a DC bias electric field.  
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Figure 4.17: A summary of relative frequency shift, -Δf/f, as a function of -k31 for PEPS 
of various grain sizes with (full symbols) and without (open symbols) a DC bias electric 
field, E. 
As shown in Fig.4.17, there is a universal correlation between -Δf/f and -k31 
regardless how the value of -k31 was obtained. This indicates that the electromechanical 
coupling constant -k31 was a determining parameter for PEPS detection performance. By 
changing the PEPS grain size or applying a DC bias electric field, -k31 could be increased, 
which enhanced the detection sensitivity (-Δf/f) of the PEPS. Furthermore, by comparing 
the results of the same streptavidin detection with a 5-MHz QCM, it was concluded that a 
PEPS with a –k31=0.32 had a 1000-fold enhancement on the -Δf/f as compared to that of 
purely mass detection, resulting in positive detection of DNA with attomolar 
sensitivity.[72] The present study indicates that by increasing the grain size and by 
applying a DC bias electric field, –k31 of a PEPS can be increased further to about 0.36-
0.4 which had a -Δf/f about 1.5 times that of  –k31 = 0.32, implying that the concentration 
sensitivity of a PEPS can be further improved by such an improved –k31. How an 
increased –k31 of a PEPS improves its detection concentration sensitivity will be 
examined in a future publication. 
4.5 Chapter summary 
In this chapter, using biotin and streptavidin binding as a model detection system, 
the relationship of PEPS detection performance with materials property such as grain size 
was studied. It is shown that the detection relative resonance frequency shift of a 
piezoelectric plate sensor (PEPS) could be enhanced by increasing the electromechanical 
coupling constant -k31 of the PEPS. The -k31 of the PEPS could be increased with an 
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increasing grain size of the PMN-PT thin sheet or by applying a DC bias electric field 
during detection. 
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Chapter 5: Normalization of different –k31 PMN-PT piezoelectric plate sensor 
(PEPS) detection results 
5.1. Motivation of PEPS detection result normalization  
 
PEPS already showed good sensitivity in many detections such as protein 
detection and DNA detection, which has great potential as a diagnostic tool for clinical 
application. In the previous chapter, we found out PPES detection performance was 
related to PEPS material piezoelectric property such as –k31. Because of this, the 
detection response for different –k31 PEPS will be different, which can be an issue for the 
clinical applications of PEPS. Also, in PEPS array detection, different individual PEPS 
may have different –k31. This makes the comparison of different PEPS detection response 
difficult, which will create a problem to predict different target concentration using 
different –k31 PEPS response. To address this problem, here we try to use –k31 as a 
parameter to normalize different PEPS detection result. After detection result 
normalization using –k31 as an index, detections results from PEPS with different –k31 
can be compared. This normalization method can help solve the PEPS detection 
repeatability problem due to different –k31 of PEPS. For the same detection, after –k31 
normalization, normalized detection response ((-Δf/f) normalized) of PEPS with different –
k31 should be the same. 
5.2. Using –k31 as an index for PEPS detection result normalization 
5.2.1. –k31 effect on PEPS relative frequency shift 
In the previous chapter, a study of PEPS performance vs PEPS –k31 was carried 
out using Biotin and Streptavidin binding detection as a model which is discussed in 
section 4.4. It was found out that the -k31 of the PEPS could be increased by increasing 
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grain size of the PEPS or by applying a DC bias electric field during detection. In both 
cases, the PEPS detection response (relative frequency shift, -Δf/f) has a linear 
relationship with –k31, which is showed in figure 4.18. For the same detection, different –
k31 PEPS showed quite different detection response. The PEPS with a –k31=0.285 showed 
0.17% relative frequency shift (-Δf/f) while the PEPS with a –k31=0.39 showed 0.35% 
relative frequency shift (-Δf/f). Due to PEPS performance variations, a normalized 
method needs to be found out to allow the PEPS performance to be compared. 
5.2.2. Normalization of relative frequency shift of PEPS with different –k31 
For simplicity, a linear fit was used to fit the relationship in Fig.4.19: Y=a+bX, 
where Y is the relative frequency shift and X is –k31 of PEPS. It was found that a=2.02 
and b=-0.4135. From the Figure 5.1 we can see that, the linear fitting fits quite well and 
all the data points are all very close to the fitted line.    
 
Figure 5.1: Linear fitting of PEPS relative frequency vs -k31. 
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After this linear fitting, the linear equation could be used to normalize the relative 
frequency shift ((Δf/f)A detection) of a new PEPS A with a fixed –k31A to a normalized  
relative frequency shift ((Δf/f)A normalized) using another PEPS B with a different –k31B as a 
standard. Here (Δf/f) normalized was introduced by: 
       (Δf/f)A normalized = (Δf/f)A detection  
#$%&
#$%'    (5.1) 
Here, Y=2.02X-0.4135 (X=-k31, Y= Δf/f ) (5.2) 
(Y)B and (Y)A can be calculated based on the different  –k31 value of PEPS A and PEPS 
B. 
After normalizing the relative frequency shift of PEPS A, (Δf/f)A normalized can be directly 
compared with the normalized relative frequency shift of PEPS B, (Δf/f)B,normalized. For the 
same detection, using PEPS B as a standard, the PEPS A normalized relative frequency 
shift (Δf/f)A normalized should be the same as the normalized relative frequency shift (Δf/f)B, 
normalized. 
5.3. Validation of normalization method  
5.3.1. PEPS detection model for normalization validation 
Here to check how well this –k31 normalization method works for different –k31 
PEPS in detection, we choose the troponin I detection as a model for normalization 
validation.  
In clinical area, the troponin test measures the levels of one of two proteins, 
troponin T or troponin I, in a blood sample. These proteins are released when the heart 
muscle has been damaged, such as during a heart attack. The more damage there is to the 
heart, the greater amount of troponin T and I there will be in the blood. The American 
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College of Cardiology and European Society of Cardiology consensus guidelines 
recommend using the 99th percentile of cardiac troponin values measured in a healthy 
reference population as the clinical decision limit. Most healthy individuals have 
undetectable cTnI (<0.01 ng/mL) with the Centaur TnI Ultra assay with a 99th percentile 
value of 0.04 ng/mL. Therefore, any cTnI value >0.04 ng/mL is considered to be an 
elevated level indicative of myocardial injury.  
The PEPS showed very good detection sensitivity (1 pg/ml) in Troponin I 
detection (section 8.2). The troponin detection dose response curve was generated using a 
PEPS with a –k31 of 0.351, which can be used as a PEPS standard for normalization and 
comparison. What is more, there is a clinical need to predict the concentration of troponin 
in patient serum sample to diagnose the cardiac disease such as heart attack.  The 
accurate detection of troponin will be very useful as a guide for doctors to treat the 
patient with proper method. 
5.3.2. Validation of normalization method result and discussion 
5.3.2.1. Experimental part 
4 PEPS with different –k31 was used to carry out the same troponin I detection 
with different concentrations. The PEPS D with a –k31=0.351 was used as a standard for 
normalization. After detection, all the other 3 PEPS detection results were normalized 
based on PEPS D using the method descried in section 5.2.2. 
For antibody immobilization on the PEPS surface, the PEPS was first rinsed in DI 
water and ethanol followed by soaking in a 1 mg/ml aqueous maleimide-PEG11-biotin 
(Pierce) solution a volume of 150 µl for 30 min followed by rinsing with DI water and 
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phosphate buffer saline (PBS) solution (Mediatech). The biotin-functionalized PEPS was 
then soaked in a 0.1 mg/ml streptavidin (RayBiotech) solution in PBS with a volume of 
150 µl for 30 min followed by DI water and PBS rinsing. After that the streptavidin-
coated PEPS was soaked in 5 µg/ml of biotinylated monoclonal anti-troponin antibody 
(T8665-16E1, US Biological) solution for 30 min. Finally, the PEPS was soaked into a 5% 
of bovine serum albumin (BSA) solution for 15 min for blocking. The PEPS-
functionalized with troponin I antibody were then transferred to a 40ul custom-made flow 
cell. Before each Troponin I detection, the undiluted bovine serum was circulated through 
the flow cell at a rate around 1 ml/min using a peristaltic pump (77120-62, Cole-Parmer’s 
MasrterFlex) and the frequency of the resonance peak was monitored using Impedance 
analyzer (4294A, Agilent) until it reached a stable baseline with a resonant frequency 
change of less than 200 Hz over 30 min. When a stable baseline was obtained, certain 
concentration of Troponin I samples were transferred into the liquid detection chamber 
for detection using a three gate valve and the vibrational frequency of the PEPS was 
recorded for 30 minutes[73].  
5.3.2.2. Result and discussion 
Figure 5.2 showed the comparison of different –k31 PEPS detection response for 
the same Troponin I detection before and after normalization. The normalized relative 
frequency shift was calculated using the equation 5.1. From the figure we can see that 
before normalization different –k31 PEPS showed difference detection response for same 
concentration detection. The PEPS with a larger –k31 showed higher detection relative 
frequency (-Δf/f). However, after –k31 normalization, we can see that the normalized 
detection relative frequency of different –k31 PEPS overlapped quite well with each other, 
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indicating the –k31 normalization method successfully removes the differences in 
electromechanical properties. In this way, the materials property effect on PEPS 
performance is eliminated and all the PEPS with different –k31 can be treated as the same 
PEPS after –k31 normalization. Also detection data from a new PEPS with different –k31 
can be used to predict blind sample concentration based on another PEPS detection data. 
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Figure 5.2: PEPS relative modification based on PEPS -k31. 
5.3.3. High salt regeneration method on PEPS 
5.3.3.1. Motivation: 
 After each detection, to reuse PEPS, the standard protocol is to clean the PEPS 
surface thoroughly to generate a fresh surface. Then insulation and immobilization is 
carried out again on PEPS surface. Previously, Lina Loo showed a good regeneration 
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method using high slat for PEMS.[74] Here we use that method on PEPS for Troponin I 
detection and try to establish a relationship of regeneration cycle with recovery rate.   
5.3.3.2. Experimental part 
For PEPS, a designed concentration of Troponin I detection was first carried out 
after fresh insulation and immobilization. The detection result was recorded as (-Δf/f)0.  
After that, regeneration experiment was carried out based on Lina Loo’s paper as follows: 
“After detection runs, PEMS were immersed in 2 M MgCl2 for 30 s, followed by 1.5 M 
Tris, pH 8.8 for an additional 30 s. The regenerated PEMS were incubated in 3% BSA for 
30 min before being employed for a subsequent detection run.” After first regeneration 
process, the same concentration of Troponin detection was carried out again. The PEPS 
detection response was recorded and was noted as first regeneration result as (Δf/f)1st 
recovery. Then the second regeneration experiment was carried out on PEPS and after that 
the same detection was repeated. Again the PEPS response was recorded and was called 
second regeneration result as (Δf/f)2nd recovery. The 1st recovery rate is defined as: (Δf/f)1st 
recovery/(Δf/f)0. The 2nd recovery rate is defined as: (Δf/f)2nd recovery/(Δf/f)0. 
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5.3.3.3. Result and discussion: 
 
Figure 5.3: High salt method recovery rate (1st and 2nd) vs Concentrations. 
Here, four different concentration of Troponin I detection were carried out using 
the same PEPS with regeneration method. Each experiment was repeated three times. 
Figure 5.3 showed the regeneration experiment result with standard deviation. From the 
figure we can see that the recovery rate is independent of target concentration. The 1st 
average recovery rate was 0.921, while 2nd average recovery rate is 0.850, which 
indicates that the high salt regeneration method has high repeatability, which can be used 
to normalize the detection data that was generated from different regeneration cycle. 
5.3.4. Prediction of the blinded sample concentration using -k31 normalization and 
high salt regeneration method normalization 
Previously, PEPS already showed 1 pg/ml great sensitivity for Troponin I 
detection in full serum. Here we want to carry out some Troponin I blind sample test to 
see whether the PEPS can predict the blind sample concentration well after using the 
normalization method. 
10 100 1000
0.75
0.80
0.85
0.90
0.95
1.00
 
 
R
e
c
o
v
e
ry
 p
e
n
c
e
n
ta
g
e
Concentration (pg/ml)
 1st regeneration
 2nd regeneration
55 
 
  
5.3.4.1. Experiment part: 
Previously a dose response curve of Troponin detection in full serum was carried 
out by a PEPS with a –k31=0.351. (Figure 5.4) However, that PEPS was broken and could 
not be used any more. 
 
Figure 5.4: Troponin detection dose response curve in full serum. 
In order to predict the blind Troponin sample concentrations, a new PEPS with a 
–k31=0.341 was made. The PEPS insulation result is shown in Figure 5.5. The baseline 
difference between in air and in PBS is less than 4 degree, which indicates the insulation 
result is good. 
 
Figure 5.5: PEPS insulation result and optical image of PEPS. 
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Four unknown concentration blind Troponin I samples with one positive control 
(200 pg/ml) in full serum were prepared by Giang Au. High salt regeneration method was 
also used to regenerate the PEPS surface after each detection. So, three detection data can 
be obtained from each blind sample by two times of regeneration on PEPS surface. PEPS 
relative frequency shift were recorded for 30 min during the detection of each blind 
sample. 
5.3.4.2. Result and discussion: 
To normalize the detection result and predict the concentration from the PEPS 
detection result, we need to apply these two normalizations on each of the Troponin blind 
sample detection result. Here we introduce a normalized relative frequency shift as: (-Δf/f) 
normalized. This normalization is to normalize the –k31 and high salt regeneration method 
effect. The detail is as follows: 
1) -k31 normalization 
For -k31 normalization, we can normalize the detection data from PEPS A (-Δf/f)A 
original to a normalized  data (-Δf/f)A normalized based on B by using the PEPS B(with a fixed -k31) 
as a standard. For example, consider the two sensors: PEPS A: -k31=0.341 and PEPS B: -
k31=0.351. To normalize PEPS A’s detection relative frequency shift (-Δf/f)A original to (-
Δf/f)A normalized we use the linear fitting equation we obtained based on the linear fitting 
relationship of (-Δf/f) Vs -k31: Y=2.02X-0.4135 (X= -k31, Y= -Δf/f). Using different -k31, 
we can obtain YA for PEPS A and YB for PEPS separately. After obtaining YA and YB we 
can normalize PEPS A’s original relative frequency shift ((-Δf/f)A original) to a normalized  
data (-Δf/f)A normalized based on B by using the equation: 
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                               (-Δf/f)A normalized based on B= (-Δf/f)A original X (YB/YA)  (5.3) 
    In this way, the (-Δf/f)A normalized can be used directly to deduce the blind 
samples based on PEPS B dose response curve. 
2) High salt regeneration method normalization 
Based on the high salt regeneration result we can see that the recovery rate for 1st 
cycle is around 92.1%, for 2nd cycle is 85.0%. Due to the recovery rate is not 100%, the 
high salt method normalization can be done like as follows: for the 1st high salt 
regeneration detection data: (-Δf/f)normalized = (-Δf/f)1st recovery /0.921. For the 2nd high salt 
regeneration detection data: (-Δf/f)normalized = (-Δf/f)2nd recovery /0.850. The final normalized 
data (-Δf/f)normalized can be got after both -k31 normalization and high salt regeneration 
method normalization.  
3) Prediction of blind Troponin I sample 
The table 5.1 listed the normalized relative frequency shift ((-Δf/f)normalized) for 
each blind Troponin I sample after -k31 normalization and High salt regeneration method 
normalization. The average and standard deviation was also calculated.  
Table 5.1: Normalized relative frequency shift ((-Δf/f) normalized ) for each blind Troponin I sample. 
Sample 
number 
-Δf/f(%) from 
1st detection 
-Δf/f(%) from 
2nd detection 
-Δf/f(%) from 
3rd detection 
Average 
-Δf/f(%) 
Positive 
control 
(200pg/ml) 
0.202±0.008 0.206±0.007 0.196±0.007 0.201±0.007 
58 
 
  
1 0.163±0.007 0.169±0.006 0.156±0.006 0.163±0.006 
2 0.015±0.006 0.017±0.006 0.019±0.005 0.017±0.006 
3 0.250±0.007 0.250±0.008 0.241±0.007 0.247±0.007 
4 0.231±0.007 0.222±0.007 0.220±0.007 0.224±0.007 
 
Based on this normalized relative frequency shift ((-Δf/f)normalized) for each blind 
sample and dose response curve generated by previous PEPS, we can deduce the 
concentration of each blind sample. Here is the deduced result: Positive control (200 
pg/ml): 192.3 ± 35.3 pg/ml; Sample 1: 52.3±9.6 pg/ml; Sample 2: 0 pg/ml; Sample 3: 
957.8±192.2 pg/ml; Sample 4: 470.6±96.9 pg/ml. 
The deduced concentration of sample 2 is 0 pg/ml, which is due to the fact that 
the relative frequency shift obtained from sample 2 is smaller than the lowest 
concentration (0.05 pg/ml) sample’s frequency shift. After finishing all the detection of 
the Troponin blind samples, those deduced results were sent to Dr Wan Shih.  After 
finished those four blind samples testing, another two Troponin blind samples (sample 6 
and sample 7) were prepared by Giang Au again. Those blind samples detection were 
carried out and detection data was normalized in the same way as the first four samples. 
The deduced concentration as follows: Sample 6: 4.32±1.05 pg/ml; sample 7: 0 pg/ml. 
After sent those two results to Dr Wan Shih, she obtained the prepared Troponin 
concentration from Giang Au and compared with my deduced concentration in figure 5.6 
and table 5.2.  The prepared concentration for each sample by Giang Au is as follows: 
Sample 1 is 50 pg/ml; Sample 2 is 0 pg/ml; Sample 3 is 1000 pg/ml; Sample 4 is 500 
pg/ml; sample 5 is 200 pg/ml; sample 6 is 5 pg/ml and sample 7 is 0 pg/ml.  
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Figure 5.6: Comparison of deduced concentration with prepared concentration for each 
blind sample. (Inserting figure is the comparison of blind sample 6 and 7) 
Table 5.2: Comparison of deduced concentration with prepared concentration for each blind sample. 
 
Sample 
Number 
1 2 3 4 5 6 7 
Deduced concentration 
(pg/ml) 
52.3±9.6 0 
957.8 
±192.2 
470.6 
±96.9 
192.3 
± 35.3 
4.3±1.1 0 
Prepared concentration 
(pg/ml) 
50 0 1000 500 200 5 0 
From this comparison we can see that the prepared concentration all fell into the 
deduced concentration range (with stand deviation). This demonstrates that the PEPS has 
a very good detection repeatability in Troponin I detection after using –k31 and high salt 
regeneration normalization method, allowing PEPS to successfully distinguish 5 pg/ml 
with 0 pg/ml Troponin samples. With the help of normalization method, the PEPS can be 
used as a tool for fast, reliable troponin detection in clinical applications. 
5.4. Chapter summary 
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        In this chapter, a –k31 normalization method was created to eliminate the 
performance variation due to electromechanical property difference. After –k31 
normalization, all the detection result from different -k31 PEPS can be compared. To 
reuse the PEPS more effectivity, a high salt normalization was also carried out to 
normalize the PEPS detection result due to the PEPS recovery was not 100% after using 
high salt regeneration method. Finally, validation of these two normalization method was 
carried out in troponin I detection. It is found that the concentration prediction of 
unknown troponin I sample works quite well for PEPS after using these two 
normalization method. This indicates that -k31 and high salt normalization method are 
very important and useful steps for PEPS to be a reliable clinic diagnostic tool with high 
detection sensitivity. 
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Chapter 6: Validation of surface stress-induced crystalline orientation switching 
6.1 Overview 
       In chapter 4, we found that the PEPS piezoelectric properties such as -k31 have a 
large effect on the detection performance and sensitivity of Piezoelectric plate sensors 
(PEPS). In this chapter we study the reason of that effect. We study the mechanism of the 
relative frequency change of PEPS in detection after molecules bind to its surface. PEPS 
were fabricated from a single PMN-PT layer as discussed in previous chapter and the 
molecules such as streptavidin, biotin and probe DNA receptor were bound on the PEPS 
surface by immobilization. It was found that the each of the molecule binding step on the 
PEPS surface generates stress causing certain degree of crystalline orientation switching 
of PMN-PT which was validated by XRD. Our study provides a direct proof of 
crystalline orientation switching induced by surface stress due to molecule binding on the 
PEPS surface. This is the reason for the high sensitivity of PEPS for molecular detection, 
which is due to the crystalline orientation switching induced Young’s modulus change 
due to surface stress generated on the PEPS surface after molecule binding.  
6.1.1 PEPS detection and sensitivity overview 
Current biosensing technologies such as enzyme linked immunosorbent assay (ELISA) 
rely on the use of optical label for detection and quantification. These methods typically 
require multiple binding and washing steps and are tedious. Over the last two decades, 
many label-free detection technologies have been investigated for biosensing applications 
including, for example, quartz crystal microbalance (QCM),[75-77] surface acoustic 
wave (SAW) devices,[78],[79] surface plasmon resonance (SPR),[80] silicon 
microcantilevers,[81-84] electrochemical sensors,[85-87] nanotube and nanowire 
biosensors[88-90]. Although these techniques can carry out relatively rapid detection in 
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liquid, limitations such as requirement of expensive equipment, insufficient sensitivity, 
complex signal amplification schemes,[82, 86, 89] and hard to control detection 
conditions still render them impractical for real-world applications.  For example, the size 
of SAW and QCM are usually around centimeter range which makes array sensing hard 
to carry out. Silicon micro-cantilevers platform is a relatively new technology platform 
and has advantages such as rapid detection, array capability and good 
sensitivity[81],[91],[83],[84]. However it needs finely aligned optical system to detect 
sub-nanometer displacements, which is not suitable for portable detection.  
Piezoelectric microcantilever sensor (PEMS)[18, 21, 22, 48, 92-95] consisting of a highly 
piezoelectric layer such as lead zirconate-lead titanate (PZT)[92, 94, 96-99] or lead 
magnesium niobate-lead titanate (PMN-PT)[18, 21, 22, 48, 93]   bonded to a 
nonpiezoelectric layer and its successor, piezoelectric plate sensor (PEPS)[72] consisting 
solely of a highly piezoelectric plate are a new type of label-free sensor. Comparing with 
Silicon cantilever, PEMS’s mechanical resonance can both be excited and detected by 
simple electrical means. With receptors immobilized or coated on a PEMS surface, 
binding of target analytes can shift a PEMS resonance frequency. Detection of target 
analytes is achieved by electrically monitoring the PEMS resonance frequency shift, 
offering the potential of real-time, in-situ detection of chemical and biological systems. 
PEMS and PEPS have been shown to exhibit high detection sensitivity in a variety of 
detections including detecting human epidermal growth factor receptor 2 (Her2),[21, 22] 
white spot syndrome virus (WSSV),[18] Bacillus anthraces spores,[92] and 
deoxyribonucleic acid (DNA).[72] Intriguingly, the detection relative resonance 
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frequency shift (-Δf/f) of these PEMS and PEPS were enhanced, 100-1000 times higher 
than could be accounted for by the effect of mass change alone.[18, 21, 72, 73, 100] 
6.1.2 Origin of PEPS frequency shift in detection  
The piezoelectric materials used in the PEMS and PEPS were so-called “soft 
piezoelectric”, of which more than 80% of the piezoelectric response is attributed to 
polarization/crystalline orientation switching and the crystalline orientation has been 
shown to be sensitive to changes in electric field and stress.[101, 102] Furthermore, the 
Young’s modulus of soft piezoelectrics such as PMN-PT is anisotropic, resulting in the 
change in Young’s modulus when polarization/crystalline orientation changes.[103] The 
enhancement in detection was attributed to the polarization/crystalline orientation 
switching-associated Young’s modulus change induced by the surface stress generated by 
the bound analyte on the sensor surface.[48, 93],[104][105]  So far, there has been no 
experimental study directly linking the resonance frequency shift of a PEPS to 
polarization/crystalline orientation switching in the piezoelectric layer upon binding of an 
analyte on the sensor surface. 
 The purpose of the study in this chapter is to carry out direct X-ray diffraction 
(XRD) observation of the crystalline orientation switching in the PMN-PT layer upon 
binding of the analyte on the surface of the PMN-PT layer and correlate the observed 
crystalline orientation switch with the detection -Δf/f of a PEPS made of the same PMN-
PT layer. The model detection study was three-step probe DNA immobilization process, 
which will be described in 6.2.1 Experimental Procedure. The area of a PEPS is less than 
1 mm2 which is insufficient for generating enough XRD signals within a reasonable time. 
A larger surrogate PMN-PT strip (strip, hereafter) 1.0 cm long and 1.0 cm wide of the 
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same thickness sintered in the same batch as the comparing PEPS will be used for the 
XRD study instead. The surrogate PMN-PT strip had the same gold electrodes and 
further encapsulated with the same insulation coating to carry out the same model three-
step immobilization of a probe DNA. The larger area of the strip allowed better XRD 
signals to be obtained so that we can clearly differentiate the diffraction patterns before 
and after analyte binding. The diffraction-pattern difference will then be used to deduce 
the corresponding Young’s modulus change to compare with the resonance frequency 
shift of the PEPS made from the same PMN-PT layer with the same surface treatment. 
For the same immobilization, the surface stress (Σ) is the same, which is independent of 
surface area. The surface stress (Σ) is defined by the total force (F) exerted on the surface 
divided by the length (L): Σ=F/L. Stress (σ) is deﬁned by the total force (F) exerted on 
the surface divided by the surface area(S=L*t): σ=F/ (L*t). So the generated stress (σ) is 
equal to surface stress (Σ)/thickness (t).  So the stress generated on PMN-PT surrogate 
surface is the same as PEPS since both of their thickness (t) is 8 µm. 
6.2 Validation of surface stress induced crystalline orientation switching by XRD 
Here we will examine the mechanism of the detection resonance frequency shift 
(Δf/f) of a 1370 µm long and 537µm wide [Pb(Mg1/3Nb2/3)O3]0.65[PbTiO3]0.35  (PMN-PT) 
piezoelectric plate sensor (PEPS) made of a 8 µm thick PMN-PT freestanding film. The 
Δf/f of the PEPS was monitored in three steps binding model detections: (1) binding of 
maleimide-activated biotin to the sulfhydryl on the PEPS surface followed by (2) binding 
of streptavidin to the bound biotin and (3) subsequent binding of biotinylated probe DNA 
(pDNA) to the bound streptavidin. We used a PMN-PT surrogate made of the same 8µm 
thick PMN-PT freestanding film that the PEPS was made of but was about 1 cm in length 
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and width to carry out crystalline orientation study using X-ray diffraction (XRD) scan 
around the (002)/(200) peaks after each of the binding steps. The results of the XRD 
studies indicated that each binding step caused the crystalline orientation of the PMN-PT 
thin layer to switch from the vertical (002) orientation to the horizontal (200) orientation, 
thus, changing the lateral Young’s modulus of the PMN-PT thin layer to result in the 
relative frequency change (Δf/f) of PEPS detection.  
6.2.1 Experimental Procedure  
6.2.1.1 Fabrication of PMN-PT PEPS and X-ray surrogates 
For sintering, a 13 mm × 13 mm PMN-PT green tape on a flat alumina plate and a 
small crucible containing 0.2 g of a PbO powder (99.9%, Alfa Aesar) were placed inside 
a large covered alumina crucible with the small crucible partially open to control the PbO 
atmosphere during sintering. The temperature was increased at 1°C/min below 400°C and 
10°C/min above 400°C and held at 1175°C for 2 hr. After sintering, the PMN-PT 
freestanding films were coated with 200 nm thick gold electrodes on both sides with a 10 
nm chromium bonding layer by thermal evaporator (Thermionics VE 90). For this study, 
all PMN-PT layers used had a thickness of 8 µm.  PMN-PT PEPSs were fabricated by 
cutting the gold-coated PMN-PT freestanding films into strips 500-600 µm wide and 
2300 µm long by a wire saw (Princeton Scientific Precision, Princeton, NJ). Two gold 
wires 10 µm in diameter were then attached to the top and the bottom electrodes of a strip 
using a conductive glue (8331, MG Chemicals). The rear end of the strip was then glued 
to a glass slide to form the final plate geometry. The strips were then poled for 30 min 
with an electric field of 15 kV/cm at 80◦C on a hotplate. An optical micrograph of the 
PMN-PT PEPS used in the study which was 1370 µm long and 537 µm long and shown 
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in Fig. 6.1(a). The phase angle versus frequency resonance spectrum as well as the 
relative dielectric constant of the PEPS was measured using an impedance analyzer 
(4294A, Agilent). The relative dielectric constant of the PEPS was about 1800 with a loss 
factor of around 2-3% as measured at 1 kHz. The in-air resonance spectrum is shown as 
the black line in Fig. 6.1(c). As can be seen from Fig. 6.1(c), the PEPS exhibit a strong 
length-extension-mode (LEM) resonance peak at around 588 kHz and a strong width-
extension-mode (WEM) resonance peak at around 3.04 MHz. The electromechanical 
coupling coefficient was deduced from the WEM peaks as –k31 = 0.32 using the method 
outlined in the previous publication.[95] For the XRD study, surrogates of 1cm2 were 
obtained by sintering a piece of 1.7 cm long and 1.7cm, which is cut from the same 8µm 
PMN-PT green tape. After sintering, the 1.2cm by 1.2cm strip was coated with gold using 
thermal evaporation the same way as PEPS fabrication and cut into 1cm by 1cm 
surrogate by wire-saw. 
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Figure 6.1: (a) An optical micrograph, (b) a scanning electron microscopy (SEM) cross-
section micrograph, and (c) an in-air (black) and in-PBS (red) resonance spectra of a 8-
µm thick PMN-PT PEPS. 
 
The PEPSs and the XRD surrogates were then subject to the same 3-
mercaptopropyltrimethoxysilane (MPS) (Sigma) coating, which serves to electrically 
insulate the PEPS as well as to provide the sulfhydryl groups for receptor immobilization. 
First, a PEPS (surrogate) was cleaned in a 1-in-40 diluted piranha solution (3 parts of 
98% sulfuric acid (Alfa Aesar) and 1 part of 30% hydrogen peroxide (Alfa Aesar)) for 10 
min followed rinsing with de-ionized (DI) water and ethanol (Fisher). It was then soaked 
in a 0.1 mM MPS solution in ethanol with 0.1% DI water for 30 min followed by soaking 
in a 0.1% MPS solution in ethanol with 0.5% DI water at pH 9 for 48 hours where the 
MPS solution was replaced with a fresh one every 12 hr.[106] For each MPS solution 
replacement, the PEPS (surrogate) was first rinsed with DI water and followed by ethanol 
before immersing in a fresh MPS solution. Finally, the PEPS (surrogate) was rinsed with 
DI water and ethanol before further surface modification for detection. It is found that a 
168±24 nm thick MPS layer was formed on PMN-PT strips according to the earlier 
thickness measurement using quartz crystal microbalance (QCM)[107]. The in-PBS 
resonance spectrum of the PEPS after the insulation coating is shown as the red line in 
Fig. 6.1(c). The closeness of the in-PBS spectrum to the in-air spectrum indicated that the 
insulation was good.  
6.2.1.2 Model Detection 
The model detection for the XRD study was the three-step immobilization of a 
probe DNA as schematically shown in Fig. 6.2 and Fig. 6.3 for which the relative 
resonance frequency shift measured in situ during each step was correlated with the 
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crystalline orientation change before and after each step as measured by XRD. The first 
step was the binding of the Maleimide-PEG11-Biotin (Pierce) on the MPS by reacting the 
Maleimide of the Maleimide-PEG11-Biotin with the sulfhydryl on the MPS by immersing 
the PEPS (surrogate) in a 2 µM Maleimide-PEG11-Biotin (Pierce) solution. The second 
step was the binding of streptavidin to the biotin of the bound Maleimide-PEG11-Biotin 
on the MPS surface by immersing the Maleimide-PEG11-Biotin-coated PEPS (surrogate) 
in a 10 mg/ml streptavidin (Ray Biotech) solution. The third step was the binding of the 
biotinylated probe DNA (pDNA) to the bound streptavidin on the PEPS (surrogate) 
surface by immersing the streptavidin-coated PEPS (surrogate) in a 2 mM biotinylated 
probe cDNA (Sigma) solution. The pDNA had a sequence of 5’-
ACAAAGATCATTAACC-3’ and was biotinylated at the 5’ end. All the three model 
detection steps were done at room temperature (22˚C-25˚C) for 30 mins with humidity 
control. To account for the mass change effect, a 5-MHz quartz crystalline microbalance 
(QCM) (Stanford Research System) was also subject to the same MPS coating and the 
same model detection steps. 
 
Figure 6.2: A schematic of model detection steps: step 0 in which the PEPS surface was 
ready for immobilization, step 1 in which maleimide-PEG-biotin covalently binds to the 
PEPS surface, step 2 in which streptavidin binds to the biotin of the maleimide-PEG-
biotin on the PEPS, and step 3 in which biotinylated pDNA binds to the streptavidin on 
the PEPS surface. 
Step 0 Step 1 Step 2 Step 3 
Biotin   
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Figure 6.3: Detailed immobilization reaction scheme on PEPS surface. 
6.2.1.3 Real-time resonance frequency shift monitoring of the PEPS 
During the detection steps, the LEM resonance frequency of the PEPS was 
monitored in real time using an Agilent 4294A impedance analyzer. The model detection 
steps were carried out in an open vessel without flow. To avoid the effect of liquid level 
change due to drying, the detection was carried out in a closed chamber with humidity 
controlled at around 75%. The resonance frequency of the QCM was also monitored 
using the same Agilent 4294A impedance analyzer in real time in a closed flow cell 
during the detection steps.  
6.2.1.4 Direct X-ray diffraction characterization on the surrogate 
For XRD characterization of the crystalline orientation switching due to the 
binding of molecules to the sensor surface, a 1-cm2 surrogate was used which had the 
same MPS coating and model detection steps. Because drying could cause unaccountable 
stress to the sample, before the first binding step, the surrogate was covered with water 
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and placed in a 4 cm × 4 cm concave glass holder during the X-ray measurements. A 
rough scan was carried out to determine the location of the (200)/(002) peak which we 
would use to quantify the crystalline orientation switching associated with each detection 
step. A fine scan was then carried out in the range 2θ = 44-47 degrees where (200)/(002) 
peak was located with a 0.05-degree increment in every 4 second. After this scan, the 
PMN-PT surrogate was removed and soaked in a 2-µM aqueous Maleimide-PEG11-
Biotin solution for 30 min followed by rinsing with DI water. It was then placed in the 
sample holder and covered with thin layer of water and scanned by X-ray again. 
Following this, the PMN-PT surrogate went through two more immobilization steps, each 
for 30 min and followed by the same fine X-ray scan around the (200)/(002) peak. 
6.2.2 Results and discussion 
6.2.2.1 Real-time resonance frequency shift monitoring of the PEPS  
Figures 6.4(a), (c), and (e) show the relative frequency shift, Δf/f, versus time of 
the PEPS and of the QCM up to the 1st, 2nd, and 3rd detection step, respectively. From Fig. 
6.4(a) we can see that the PEPS exhibited a much larger -Δf/f than QCM for all three 
detection steps.  
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Figure 6.4: (a), (c), and (e) - Δf/f versus time of the model detection up to step 1, step 2, 
and step 3, respectively. The full symbols represent the PEPS and the open symbols the 
QCM. 
For better comparison, the average -Δf/f over the last 5 min of each detection step 
of the PEPS and that of the QCM were shown in Table I and denoted as (-Δf/f)det.  
Table 6.1: Comparison of (-Δf/f) of PEPS versus (-Δ f/f) of QCM 
Step (-Δ f/f)QCM (-Δf/f)PEPS (-Δf/f)PEPS/(-Δf/f)QCM 
Step 1 1.24×10-5 3.6×10-3 292 
Step 2 2.65×10-5 7.9×10-3 298 
Step 3 3.62×10-5 1.07×10-2 296 
Clearly the -Δf/f of the PEPS was about 295 times larger than those of the QCM 
of the same detection. The -Δf/f of a QCM is known to be due to the mass effect. The 
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reason for this large difference was that the -Δf/f of the PEPS was amplified by the 
crystalline orientation switching induced by the binding of the molecules on the PEPS 
surface, while the -Δf/f of QCM was known due to mass fact only. 
6.2.2.2 XRD characterization of crystalline orientation switching of PMN-PT layer 
in PEPS due to binding Stress-Induced crystalline orientation 
The PMN-PT had a composition near the so-called morphotropic phase boundary 
(MPB) where two crystalline phases coexist, the tetragonal (T) phase in which the “c” 
lattice constant is larger than the “a” lattice constant and the rhombohedral (R) phase 
where the lattice constant, ”r” is the same in all three directions. In the tetragonal phase 
the polarization is in the “c” direction whereas in the rhombohedral phase, the 
polarization is in the body diagonal direction as schematically shown in Fig. 6.5(a), Fig. 
6.5(b), 6.5(c) and Fig.6.5(d). To see the splitting of the “c” peak, “a” peak, and 
potentially the “r” peak, we chose to monitor the “(002)/(200)” peaks.   
 
Figure 6.5: A schematic of (a) the tetragonal “c” orientation, (b) rhombohedral “r” 
orientation, (c) and (d) the tetragonal “a” orientation.  
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In a previous study, it is shown that electric field introduced crystalline 
orientation switching in 8µm PMN-PT surrogate characterized by XRD.[53] Here, the 
same characterization was done again on an 8µm PMN-PT surrogate layer. From the 
figure 6.6 we can see that the relative peak height change with electric field, indicating 
crystalline orientation switching due to the external electric field. The small peak (~44.35ᵒ) 
on the shoulder of the main tall peak is due to the gold electrode (200) peak since the 
both sides of PMN-PT surrogate layer were coated with ~100nm gold electrode.  
 
Figure 6.6:Electric field introduced 8µm PMN-PT strip (4 µm grain size) domain 
switching validation by XRD 
The small peak (~44.36ᵒ) on the shoulder of the main tall peak is due to the gold 
electrode (200) peak since the both sides of PMN-PT surrogate layer were coated with 
~100nm gold electrode, which is consistent with literature of gold (200) peak at 44.34ᵒ. 
Based on this, to better illustrate the peak height change of PMN-PT surrogate layer due 
to crystalline orientation switching, the gold (200) peak were removed in the figure to 
minimize the overlap.  
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We carried out the same XRD detail scan range after molecular binding on the 
surface after each step using the three-step model detection. In Fig. 6.7(b), 6.7(d), and 
6.7(f) we show the X-ray diffraction intensity versus 2θ of the surrogate (after removing 
the gold electrode (200) peak at 44.34ᵒ) before and after the 1st, 2nd, and 3rd detection step 
around the (002)/(200), respectively where θ was the diffraction angle. Note the peak 
around 2θ =44.55° was the (002) or  “c” peak corresponding to the “c” lattice constant (or 
the polarization) being vertical while the peak around 2θ=45.15° was the (200) or “a” 
peak corresponding to the “a” lattice constant being vertical and the “c” lattice constant 
(or polarization) being in horizontal. Note that the “r” peak was buried between the “c” 
and “a” peaks and could only be clearly seen when the peaks were deconvoluted into 
three peaks.  
75 
 
  
 
Figure 6.7: (a), (c), and (e) Δf/f versus time of the model detection up to step 1, step 2, 
and step 3, respectively, (b), (d), and (f) X-ray diffraction patterns at the (200)(002) peak 
of the surrogate PMN-PT strip before and after step 1, before and after step 2, and before 
and after step 3, respectively. The full symbols represent the PEPS and the open symbols 
the QCM. 
The high peak on the left (around 44.55 degree) was the (002) peak of the PMN-
PT which is from the vertical domains of the PMN-PT thick film structure. The low peak 
on the right (around 45.15 degree) was the (200) peak of the PMN-PT, which is from the 
horizontal domains of the PMN-PT thick film structure. After each immobilization step, 
the molecules such as Biotin; Streptavidin and Probe DNA will bind on the Strip surface 
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and form a layer of each these molecule. This molecule binding on PMN-PT strip surface 
and the molecule layer formation of each immobilization step will generate certain degree 
of surface stress on PMN-PT surface due to the molecule interactions. The surface stress 
(Σ) is defined by the total force (F) exerted on the surface divided by the length (L) in the 
force applied direction: Σ=F/L. Shu et al reported that the  biotin and Streptavidin binding 
on cantilever surface can generate 17.8 mN/m tensile surface stress [108]. Because of this 
molecule binding and surface stress generated on PMN-PT surface, we can see that the 
relative peak intensity of the two domains (vertical and horizontal) changed. After biotin 
binding (green curve), the (002) vertical domain intensity decreased while the (200) 
horizontal domains increased. The same thing happened after each of following steps 
such as Streptavidin and Probe DNA binding. The decrease of (002) vertical domain 
intensity and the increase of (200) horizontal domains can be explained by the molecule 
binding induced crystalline orientation switching behavior of PMN-PT thick film.  
The XRD data after each immobilization process showed the direct evidence that 
the surface stress introduced crystalline orientation switching in PMN-PT thick film due 
to molecule binding on the surface. This can be used to explain the ultra-high sensitivity 
of 8µm PMN-PT piezoelectric plate sensor (PEPS) in biomolecule detection such as 
DNA (aM sensitivity), Her2 (pg/ml sensitivity) and so on due to the crystalline 
orientation switching behavior after molecule binding on PEPS surface.  
6.6.2.3 Comparison of deduced relative frequency change by XRD with 
experimental relative frequency 
From Figs. 6.7(b), 6.7(d), and 6.7(f) one can see that after each detection step, the 
“c” peak was decreased while that the “a” peak was increased, indicating that more 
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domains were switched from “c” to “a” (or polarization switched from vertical to 
horizontal) as a result of binding of molecules on the PMN-PT surface, illustrating that 
the crystalline (or polarization) orientation of the PMN-PT was switched as a result of the 
binding of molecules to the PMN-PT surface. Note that the switching from the “c” to “a” 
orientation was consistent with the fact the surface stress generated by immobilization 
steps was tensile stress due to the repulsion force between those immobilization 
molecules. To quantitatively determine how the volume fraction of each of the “c”, “a”, 
“r” peaks change with binding of molecules, we deconvoluted the (002)/(200) peaks into 
three peaks, the “c” peak, the “a” peak, and the “r” peak after baseline removal as 
illustrated in Fig. 6.8.  
 
Figure 6.8: An example of three-peak deconvolution of the (002)/(200) peak following 
baseline removal. 
Note once we decided on the peak position and peak width for each the “c”, “r”, 
and “a” peaks we did not allow these peak positions and peak widths to change 
throughout the detection steps such that we could better account for the change in the 
44.2 44.4 44.6 44.8 45.0 45.2 45.4 45.6
0
1000
2000
3000
4000
"r" Peak
"a" Peak
 
 
X
R
D
 I
n
te
n
s
it
y
 (
a
.u
.)
2θ  (deg.)
 Measured
 deconvoluted "c" peak
 deconvoluted "a" peak
  deconvoluted "r" peak
"c" Peak
78 
 
  
height of each peak. The volume fractions of the “c”, “a”, and “r” peaks were denoted as 
fc, fa, and fr, respectively and determined as the area under the deconvoluted “c”, “a”, and 
“r” peaks divided by the total area under the (002)/(200) peaks after baseline removal, 
respectively. Based on the XRD result, the deduced lattice constants are a=3.998Å; 
c=4.043Å; r=4.027Å. Here a and c are the lateral lattice constants of the vertical (c) and 
horizontal (a) orientations of the tetragonal phase, respectively, and r for the 
rhombohedral PMN-PT. Also, the resultant deduced fc, fa, and fr based on their peak area 
before the detection experiments, and those after each detection step are listed in Table 
6.2.  
Table 6.2: Deduced phase fraction of 8 µm PMN-PT from initial and after each model detection 
step. 
Steps f
c
(%) f
r
(%) f
a
(%) 
Initial 53.5 15 31.5 
Biotin 49.5 16.6 33.9 
Streptavidin 44.7 16 39.3 
Probe DNA 41.7 16.1 42.2 
From Table 6.2, we can see that, the fraction of the horizontal “a” orientation (fa) 
increased from 31.5% at step 0 to 42.2% at the end of the three reaction steps while the 
fraction of the vertical “c” orientation deceased from 53.5% to 41.7% after the three 
reactions. The change in the fraction of the rhombohedral phase, fr was only -0.5%, much 
smaller comparing with the change in fa (+10.7%) and that in fc (-11.8%). This indicates 
the crystalline orientation switched by the molecular binding induced surface stress was 
mainly from the vertical “c” orientation to the horizontal “a” orientation.  
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Based on the fraction of each orientation, the deduced relative frequency shift (-Δf/f) 
from XRD can be deduced and compared with the relative frequency shift (-Δf/f) from 
the model detection. To deduced the relative frequency shift (-Δf/f) from XRD 
orientation fraction change, three Young’s modui value are needed: Y11,r, Y11,t and Y33,t. 
Here, Y11,r is Young’s of rhombohedral phase PMN-PT. Y11,t  is the Young’s modulus of 
tetragonal phase PMN-PT along the horizontal direction and Y33,t is the Young’s modulus 
of tetragonal phase PMN-PT along the vertical directions, respectively. Based on 
literature, for 0.67PMN-0.33PT polycrystal the Y11,r=76Gpa, however, Y11,t and Y33,t 
could not been found in literature.  
Consequently, a 15µm PMN-PT PEPS width mode and thickness mode was used 
to determine the Y11,t and Y33,t based on the IEEE standard. Figure 6.9 show the detail 
spectra of this PEPS. It has a width mode peak at 5.79 MHz and thickness mode peak at 
101MHz. Based on this PEPS width (274.3 µm), thickness (15.0 µm) and density (7.8 
g/cm3), the calculated effective horizontal Young’s modulus Y11,eff is 78.8 GPa and the 
calculated effective vertical Young’s modulus Y33,eff is 71.6 GPa.  
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Figure 6.9: Width mode and thickness mode in a 15µm thick PEPS spectra 
Here are the two equations to calculate Y11,eff and Y33,eff using the three orientation 
fractions: 
GpaYYfYfYfY ttarrtceff 8.78)(2
1
,33,11,11,1111 =+++=      (6.1) 
GpaYfYfYfY tarrtceff 6.71,11,11,3333 =++=                     (6.2) 
Using the initial three orientation fractions (fa=0.315; fc=0.535; fr=0.150), two unknown 
(Y11,t and Y33,t) in these two equations can be deduced: Y11,t=82.9Gpa and Y33,t=63.8Gpa. 
The resonance frequency of a LEM peak could be related to the velocity of sound, c, 
density, ρ and the length, L, of the PEPS as:   
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Based on these questions, the deduced relative frequency shift due to density 
change, the length change and the Young’s modulus change can be calculated separately 
showed in table 6.3. From the table we can see that, density change and length change 
induced relative frequency shift is much smaller comparing with the Young’s modulus 
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change induced relative frequency shift, indicating the crystalline orientation switching 
induced Young’s modulus change is the main reason for the PEPS large relative 
frequency shift and enhanced sensitivity in detection.  
Table 6.3: Deduced phase fraction of 8µm PMN-PT from initial and after each model detection 
step. 
 
As can be seen from the table 6.3, these estimated -Δf/f values denoted as (-
Δf/f)XRD are in agreement with the measured -Δf/f denoted as (-Δf/f)det from all the 
detection steps. The reason (-Δf/f)XRD was somewhat smaller than (-Δf/f)det might be that 
presently no Y11,r, Y11,t and Y33,t values were available for single crystals. The use of 
these values estimated from polycrystalline samples could underestimate - Δ Y11/Y11 and 
hence (-Δf/f)XRD.  
Obviously the enhancement factor of PEPS comparing with QCM mass effect 
will depend on how easily the crystalline orientation can switch given a surface stress 
generated by the molecular binding. There are two factors. One factor is the transverse 
electromechanical coupling constant, -k31 that directly relates how easily the crystalline 
orientation can switch with a stress as described in Ref.[102, 109] The other factor is 
thickness. For the same surface stress, the generated stress is equal to surface stress 
divided by thickness. The smaller the thickness is, the larger enhancement factor is due to 
larger generated stress. 
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6.3 Validation of surface stress induced crystalline orientation switching by 
measurement of PEPS dielectric constant 
       For piezoelectric materials, the dielectric constant of different domain varies. In 
PMN-PT system, it is well known that “a” domains have a higher dielectric constant than 
“c” domains.[110] Due to this, the dielectric constant change due to the surface stress 
induced crystalline orientation switching can be measured and provides evident of PMN-
PT crystalline orientation switching due to surface molecular binding. Here we 
monitoring the PEPS dielectric constant in real-time in all these three step model 
detection. For comparison, dielectric constant of a 5 MHz resonance frequency QCM was 
also measured in real time separately while carrying out the same three step model 
detection. Figures 6.10(g), (h), and (i) show the relative dielectric constant shift, Δε/ε, 
versus time of the measurement for PEPS (full symbols) and for the QCM (open 
symbols) up to the end of the 1st, 2nd, and 3rd detection step, respectively.  
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Figure 6.10: (a), (c), and (e) Δf/f versus time of the model detection up to step 1, step 2, 
and step 3, respectively, and (g), (h), and (i) Δε/ε versus time during the model detections 
where blue is for biotin, red for streptavidin, and green for pDNA. The full symbols 
represent the PEPS and the open symbols the QCM. 
As can be seen, the PEPS exhibited a relative dielectric-constant change of about 
1% in every detection step while the dielectric constant of the QCM exhibited no 
discernable change in this scale over the entire course of the experiment. Again, the 
difference in the  Δε/ε versus time between the PEPS and the QCM echoed the difference 
in the detection Δf/f shown in Figs, 6.10(a), 6.10(c), and 6.10(e) and was consistent with 
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the switching of the crystalline orientation from the “c” domain to the “a” domain shown 
in Figs. 6.10(b), 6.10(d), and 6.10(f):“a” domains are known to have a higher dielectric 
constant.[110] Figure 6.11 showed the schematic of the dielectric increase due to the 
molecule binding induced crystalline orientation switching.  
 
Figure 6.11:dielectric constant increase due to molecule binding induced crystalline 
orientation switching. 
6. 4 Thickness effect on surface stress introduced crystalline orientation switching. 
Here we want to study the thickness effect on PEPS detection performance due to 
crystalline orientation switching. For the same molecular binding on the surface, the 
induced surface stress is the same. The surface stress (Σ) is defined by the total force (F) 
exerted on the surface divided by the length (L) in the force applied direction: Σ=F/L. 
Stress (σ) is deﬁned by the total force (F) exerted on the surface divided by the surface 
area(S=L*t): σ=F/ (L*t). So the generated stress (σ) is equal to surface stress 
(Σ)/thickness (t): σ= Σ/t. It is well known that the stress will directly affect the crystalline 
orientation switching in PMN-PT system. So the thicker the layer, the less stress 
generated on the whole layer of the PEPS, introducing smaller crystalline orientation 
switching in PEPS. This smaller crystalline orientation switching for thicker PEPS may 
affect three things in the same detection: 1) smaller relative frequency change due to less 
Young’s modulus change; 2) Smaller crystalline orientation switching in XRD; 3) 
smaller dielectric constant change due to less crystalline orientation switching. 
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Here we choose three different PEPS thicknesses for study: (a) 8μm; (b) 33μm 
and (c) 97μm thick PMN-PT PEPS. Figure 6.12 showed the SEM microstructure of these 
three different thickness PEPS. In this thickness effect study, all the other parameters for 
the PEPS are kept the same for a fair comparison. Also, characterization experiments 
were also carried out using the same three step model study the same as the previously 
discussed in this chapter: 1) Real-time resonance frequency shift monitoring of the PEPS; 
2) XRD characterization of crystalline orientation switching of PMN-PT layer in PEPS  
 
Figure 6.12: Scanning electron microscope (SEM) of 8µm (a); 33μm (b) and 97μm (c) 
PMN-PT strip. 
6.4.1 Real-time resonance frequency shift monitoring of the PEPS with different 
thickness  
Figures 6.13 show the relative frequency shift, Δf/f, versus time of three different 
thickness PEPS and of the QCM up to three step model detection. The 33µm thick PEPS 
showed smaller relative frequency shift in each step comparing with 8µm thick PEPS 
while the 97µm showed smaller relative frequency shift comparing with 33µm thick 
PEPS. 
 (c)   
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Figure 6.13: (a) Relative frequency shift for each immobilization step of different 
thickness PEPS (8μm; 33μm and 97μm) with immobilization scheme (b): Immobilization 
reaction scheme on PEPS surface. 
Here, the relative frequency (Δf/f) shift was plotted Vs 1/t(thickness) separately 
after each model detection step in figure 6.14. We can see that, the PEPS relative 
frequency (-Δf/f) has a linear relationship with 1/t. This can be explained by the factor 
that given fixed surface stress, the stress or strain is inversely proportional to thickness.  
 
Figure 6.14: Experiment relative frequency shift (-Δf/f) Vs PEPS’s 1/t (thickness) for 
different immobilization steps 
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6.4.2 XRD characterization of crystalline orientation switching of PMN-PT layers of 
different thickness due to binding Stress-Induced crystalline orientation 
 
Figure 6.15: XRD result of (a) 8μm; (b) 33μm and (c) 97μm thick PMN-PT after each 
immobilization step; (d) scheme of three steps immobilization on PMN-PT strips. 
Here, the same XRD scan were carried out on 33µm and 97µm PMN-PT the same 
way as the 8µm PMN-PT strip discussed previously using the same three step model 
detection. From the figure 6.15(after removing the gold electrode (200) peak at 44.34ᵒ) 
we can see that, for 33µm PEPS, the (002) vertical domain and (200) horizontal 
crystalline orientation switching after each model detection is smaller than 8µm PEPS. 
For 97µm PEPS, there is no observable crystalline orientation switching after each 
detection step. This is consistent with the PEPS relative frequency shift date in each 
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detection for three different thickness PEPS, which could also be explained by the 
smaller stain generated due to the thick thickness given the same surface stress.  
6. 5 Chapter summary 
In this chapter, we have examined the mechanism of the detection resonance 
frequency shift (-Δf/f) of [Pb(Mg1/3Nb2/3)O3]0.65[PbTiO3]0.35   (PMN-PT) piezoelectric 
plate sensor (PEPS) made of a 8-m thick PMN-PT freestanding film. The Δf/f of the 
PEPS in model detections of (1) binding of maleimide-activated biotin to the sulfhydryl 
on the PEPS surface followed by (2) binding of streptavidin to the bound biotin and (3) 
subsequent binding of biotinylated probe DNA (pDNA) to the bound streptavidin was 
monitored. The results of the XRD studies indicated that each binding step caused the 
crystalline orientation of the PMN-PT thin layer to switch from the vertical (002) 
orientation to the horizontal (200) orientation, as a result, changing the lateral Young’s 
modulus of the PMN-PT thin layer to result in the PEPS detection Δf/f. This provides 
direct evidence of the PEPS enhanced sensitivity comparing with QCM’s mass effect. 
These results were also consistent with the dielectric-constant measurement during the 
detection.  
Also thickness effect on PMN-PT PEPS crystalline orientation switching was 
examined. We found out that the thick layer of PMN-PT showed less crystalline 
orientation switching which may due to less stress generated on the PEPS layer for the 
same surface stress, which is validated by both XRD and relative frequency shift in the 
three step model study using three different thickness PEPS. 
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Chapter 7: Real-time, in-situ DNA hybridization detection using PMN-PT 
piezoelectric plate sensor (PEPS) with enhanced performance 
7.1. Overview  
Based on the discussion in chapter 3, piezoelectric plate sensors (PEPSs) 
consisting of a highly piezoelectric lead magnesium niobate-lead titanate (PMN-PT) with 
a better piezoelectric property (larger –k31) showed better detection sensitivity in a mode 
detection study of biotin and streptavidin binding detection. In this chapter we will apply 
this to another real detection application: DNA hybridization detection. We will 
investigate real-time, in situ DNA hybridization detection using PEPS (8 µm in 
thickness) thinly coated with Cr/Au electrodes and electrically insulated with 3-
mercaptopropyltrimethoxysilane (MPS) encapsulation. With probe complementary DNA 
(cDNA) immobilized on the PEPS surface and by monitoring the first longitudinal 
extension mode (LEM) resonance frequency shift of the PEPS we detected hybridization 
of the target DNA (tDNA) to the probe cDNA on the PEPS surface in real time at 
concentration 1.6×10-18 M with a signal to noise ratio of 8 without isolation and 
amplification at room temperature in 30 mins in phosphate buffered saline (PBS) 
solution. The detection was validated in situ by two different methods: 1) First, by the 
detection of fluorescently labeled microspheres coated with reporter cDNA 
complementary to the tDNA but different from the probe cDNA; 2) Secondly by 
fluorescent visualization.  
         Since the discovery of the structure of the deoxyribonucleic acid (DNA), detailed 
genetic analysis of diseases has become possible. The advent in modern genetic detection 
and genetic analysis has allowed the linkage of diseases with genes on the molecular 
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level.  As a result, we now know that many diseases including cancer are genetic in origin 
and that the same cancer may have different genetic pathways and DNA markers.  
 The challenge of genetic detection is the intrinsically low concentrations of the 
genetic markers—each cell provides only one copy of the target DNA (tDNA). To make 
the detection minimally invasive it is necessary to detect the tDNA in bodily fluids such 
as serum, urine, or saliva which further reduces the tDNA concentration. As a result, 
typical tDNA detection requires sensitivity at least in the attomolar (10-18 M or 1000 
copies/ml) range [111]. Polymerase chain reaction (PCR) is the current gold standard for 
genetic detection. However, it requires gene isolation and amplification. Nor is it rapid or 
low-cost or readily available for the general public. For disease screening and 
personalized medicine, the ability to rapidly detect multiple genetic markers and examine 
the genetic profile of the disease at low cost is greatly needed. For infectious disease, 
many bacteria have developed multiple-antibiotics resistant strains due to decades of 
exposures to various antibiotics. The ability to interrogate the genetic makeup of bacteria 
simply and rapidly would allow more timely treatment of the infections.  
Current genetic detection technologies under development rely on fluorescence 
[112], quartz crystal microbalance (QCM) [113] [114] electrochemical [115] binding to 
nano-metal particles[116], surface plasmon resonance (SPR) [117], silicon-based 
microcantilever sensor as well as piezoelectric microcantilever sensor. For DNA detection, 
QCM exhibited a concentration sensitivity of 0.1 nM [113]. Direct conductivity 
measurement of metal nanoparticles exhibited a concentration sensitivity of 500 fM [115]. 
The SPR exhibits concentration sensitivity of ∼10 pM[117]. The electrochemical methods 
also exhibit concentration sensitivity on the order of 1 pM[114]. Nanowires [118] [119] 
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[120] [121] [122] and nanotubes [123] [124] exhibit concentration sensitivity ranging from 
100 fM to 1 fM. Microcantilevers coupled with nano-metal particles exhibited 0.01 nM 
concentration sensitivity [125]. Although many of these methods such as QCM, SPR, 
silicon-based microcantilever sensor as well as lead zirconate titanate (PZT) piezoelectric 
microcantilver sensor (PEMS) [126] [127] are label-free, the sensitivity is still many orders 
of magnitude away from the attomolar requirement. Similarly, the 10–16 M sensitivity 
achieved by magnetic beads isolation coupled with electrochemical enhancement was still 
not sufficient [128]. Although nano-scale mechanical imaging by atomic force microscopy 
(AFM) can differentiate unhybridized single-stranded DNAs (ssDNAs) from hybridized 
double-stranded DNAs (dsDNAs) at attomolar sensitivity it requires sophisticated 
instrument such as AFM [129]. 
In this chapter, we examine the detection sensitivity of lead magnesium niobate-
lead titanate (Pb(Mg1/3Nb2/3)O3)0.65-(PbTiO3)0.35 (PMN-PT) piezoelectric plate sensor 
(PEPS) in real-time, label-free, in situ DNA hybridization detection without isolation and 
amplification. PMN-PT PEPS is a new type of piezoelectric sensor consisting of a PMN-
PT freestanding film 8 µm in thickness [130] thinly coated with gold electrodes on the 
two major surfaces and encapsulated with a thin electrical insulation as schematically 
shown in Fig. 7.1(a).  Receptor specific to a biomarker is immobilized on the surface of 
the electrical insulation layer. Binding of the target biomarker to the receptor on the 
PEPS surface shifts the PEPS longitudinal-extension-mode (LEM) (Fig. 7.1(b)) or width-
extension-mode (WEM) (Fig. 7.1(c)) resonance peak frequency, f. Detection of a target 
protein or DNA marker is achieved by directly immersing a PEPS in the biological fluid 
and monitoring the LEM or WEM resonance frequency shift, Δf in real time. 
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In our earlier studies, we have shown that the relative detection resonance 
frequency shift, Δf/f, of a PMN-PT piezoelectric microcantilever sensor (PEMS), the 
predecessor of the PEPS, consisting of a PMN-PT layer bonded with a nonpiezoelectric 
layer such as copper or tin was enhanced [49] by the crystalline orientation switching 
capability of the PMN-PT layer [70] and was inversely proportional to the thickness of 
the PEMS [131]. Crystalline orientation switching was the main underlying mechanism 
of the high piezoelectric performance of a morphotropic-phase-boundary (MPB) 
piezoelectrics such as PMN-PT [132] [133] and PZT[57] [134]. This indicates that a thin 
PMN-PT PEPS with a high piezoelectric coefficient could have greatly enhanced 
detection sensitivity. What makes the PMN-PT PEPS different from the PZT PEMS used 
in the earlier DNA detection studies is that the PMN-PT layer in the PMN-PT PEPS is 
both thin (8 µm) and highly piezoelectric. In comparison, the PEMS in a recent paper 
[126] used commercial PZT which was much thicker (127 µm) although it had a high 
piezoelectric coefficient. On the other hand, although the PZT layer from a recent 
study[127] was thin its piezoelectric coefficient was only a fraction of that of the bulk 
PZT due to the fact that the film was made on a silicon substrate.  Because of the 
combination of the high piezoelectric coefficient of the PMN-PT layer and its thinness 
the PEPS can achieve high detection sensitivity.  
In the following we will use the electromechanical coupling coefficient, -k31, 
(which characterizes the efficiency of converting the electrical energy associated with an 
electric field in the “3” direction to mechanical energy with deformations in the “1” 
direction and vice versa) to characterize the piezoelectric property of a PEPS. We will 
show that PMN-PT PEPS such as the one shown in Fig. 7.1(d) made with well sintered 
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PMN-PT film with a high -k31 of 0.32 (with a grain size of about 3-4 µm as shown in Fig. 
7.1(e)) coated with 16mer probe complementary DNA (cDNA) can directly detect the 
200-nucleotide (nt) target tDNA, HBV 1762/1764 DNA [135] [136, 137], a genetic 
marker of hepatocellular carcinoma (cancer of liver), label-free, in situ at a concentration 
of 1.6×10-18 M (100 copies/100ul) in <30 min without isolation or amplification.  
7.2. Experimental Protocol for DNA hybridization Detection  
7.2.1. PEPS fabrication  
In this experiment, five PEPSs were used which were around  8 µm thick, 1600 
µm long, and 700 µm wide with one of the long ends fixed on a substrate (Fig. 7.1(d)). A 
100 nm thick gold electrode was deposited on both sides of the PMN-PT film with a 10 
nm chromium bonding layer by thermal evaporator (Thermionics VE 90). The gold-
coated PMN-PT films were then cut into 600-1000 × 2300 µm rectangular strips using a 
wire saw (Princeton Scientific Precision, Princeton, NJ). Gold wires 10 µm in diameter 
were then attached to the top and the bottom electrodes using conductive glue (8331, MG 
Chemicals). The rear end of the strip was then glued to a glass slide to form the final 
plate geometry. The strips were then poled at 15 kV/cm and 80◦C for 30 min on a 
hotplate. The dielectric constant of the PEPS was measured using an Agilent 4294A 
electrical impedance analyzer (Agilent) to be about 1800 with a loss factor of 2-3.5% at 1 
kHz. Figure 7.1(e) shows the example SEM cross-section micrograph of the PEPSs used 
in this experiment that had a grain size of about 3-4 µm and a high -k31 of about 0.32. 
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Figure 7.1: A schematic of (a) a piezoelectric plate sensor (PEPS), (b) the first length 
extension mode (LEM), (c) width extension mode (WEM) vibration of a PEPS where the 
shaded bars illustrated the initial position of the PEPS and the dash-dotted shapes 
illustrate the extended positions, (d) a top-view optical micrograph and (b) a cross-section 
view scanning electron microscopy (SEM) micrograph of the PMN-PT PEPS used in this 
study. The gold color in (d) and the thin layers lining the top and the bottom of the PMN-
PT are 110 nm Cr/Au electrodes and the microstructure in (e) indicates the grain size in 
this PMN-PT is about 4 µm. 
7.2.2. Insulation  
For electrical insulation, a PEPS was first cleaned in a 1-in-40 diluted piranha 
solution (two parts of 98% sulfuric acid (Fisher) with one part of 30% hydrogen peroxide 
(Fisher)) for 10 min followed by de-ionized (DI) water and ethanol (Fisher) rinsing. It 
was then soaked in a 0.1 mM 3-mercaptopropyltrimethoxysilane (MPS) (Sigma) in 
ethanol for 30 min followed by soaking in a 1% MPS in ethanol at pH 5.5 for 48 hr. The 
MPS coating solution was replaced with a fresh one every 12 hr. Each time the PEPS was 
first rinsed with DI water and ethanol before it was placed in the fresh MPS solution. The 
thickness of the MPS insulation layer was estimated to be 168±24 nm according to the 
earlier thickness measurement using quartz crystal microbalance (QCM)[73]. Finally, the 
PEPS is rinsed in DI water and ethanol and stored in a closed container before further 
surface modification and detection.  
Piezoelectric layer 
Cr/Au electrode  
Cr/Au electrode 
Insulation 
layer 
Insulation 
(c) 
(b) 
500 μm 
 
(e) (d) 
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7.2.3. Immobilization      
       The targeted sequence of the HBV 1762/1764 double mutation tDNA is shown in 
Table 7.1 with the two mutated nucleotides underlined. The probe cDNA immobilized on 
the PEPS surface was 5’-ACAAAGATCATTAACC-3’ and biotin-activated at the 5’.  
Table 7.1: The sequence of the tDNA, probe cDNA, upstream reporter cDNA, and downstream 
reporter cDNA. 
 Sequence (5’ to 3’) 
Melting 
Temperature for 
hybridization  to 
tDNA (Co) 
Modification 
at 5’ 
Target tDNA (200 
nt) 
…AAAGACTGGGAGGA
GTTGGGGGAGGAGATT
aGGTTAAAGGTCTTT
GTaCTAGGAGGCTGTA
GGCATAAATTGGTCTGT
… 
  
Probe cDNA 
ACAAAGATCATTAAC
C 
45.8 biotinylated 
The conjugation was all carried out at room temperature (21-25◦C) showed in 
figure 7.2. First, the PEPS was first soaked in a 2 μM aqueous Maleimide-PEG11-Biotin 
(Pierce) solution for 30 min followed by rinsing with DI water and phosphate buffer 
saline (PBS) solution (Mediatech). The biotin-functionalized PEPS was then soaked in a 
10 mg/ml streptavidin (RayBiotech) solution in PBS for 30 min followed by DI water and 
PBS rinsing. Finally, the streptavidin-coated PEPS was soaked in a 2 μM biotinylated 
probe cDNA solution for 30 min. Figure 7.3 showed the schematic of the molecules 
involved in the immobilization. 
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Figure 7.2: cDNA immobilization steps on PEPS surface: (1) In the first step, the 
maleimide of the maleimide-PEG-biotin linker reacted with the sulfhydryl of 3-
(trimethoxysilyl)-propyl-methacrylate (MPS) on the MPS coating surface to form a thiol-
ester bond that covalently bind the maleimide-PEG-biotin on the MPS surface; (2) In the 
second step, the biotin of the immobilized maleimide-PEG-biotin reacted with 
streptavidin to immobilize streptavidin on the PEPS surface; (3) In the third step, the 
biotin at the 5’end of the cDNA reacted with the streptavidin bound on the biotin of the 
immobilized maleimide-PEG-biotin to finally immobilize cDNA on the PEPS surface. 
 
Figure 7.3: A schematic of the molecules involved in the immobilization. 
A. Flow system set up 
97 
 
  
All the tDNA detections were carried out in a flow. A schematic of the flow 
system consisting of a polycarbonate detection chamber 18.5 mm long 3.5 mm wide and 
5.5 mm deep (volume = 356 µl), two reservoirs, and a peristaltic pump (Cole-Parmer 
77120-62) interconnected with 2-mm wide tubing is shown in Fig. 7.4(a). The PEPS was 
vertically placed in the center of flow in the detection chamber with its major faces 
parallel to the flow (see Fig. 7.4(b)). In each detection event, only one reservoir is 
connected to the detection chamber. The total volume of the liquid was about 53-55 ml 
including the liquid in the reservoir, the detection chamber and the connecting tubing. 
Once the detection involving the first reservoir was over, the second reservoir was 
switched on and the first reservoir switched off to start the detection with the second 
solution. If there is a third solution following the second, the first reservoir was then 
replaced with a reservoir containing the third solution so that it could be switched on 
when the detection with the second solution was over. By so doing, the PEPS could 
sample different solutions while the resonance frequency of the PEPS could be 
continually monitored in situ to record the resonance frequency shift in real time. It is 
worth mentioning that the present detection cell is an open one, switching from one fluid 
to another too quickly could generate a spike (either upward or downward) in the 
resonance frequency shift (not shown). However, we found that as long as the valves 
were turned slowly enough (>20s), switching from one solution to another did not 
generate a spike in the resonance frequency shift. In the following, all detections were 
carried out with a flow rate of 1 ml/min corresponding to an average flow velocity of 1.4 
mm/s at the PEPS surface, which is found out the optimal flow speed by carrying out 
different flow rates detection. 
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Figure 7.4: A schematic of (a) the flow system, (b) the detection cell where the PEPS was 
placed vertically in the center of the flow with the major faces of the PEPS parallel to the 
flow.  
B. Detection system set up 
It is well know that temperature change can change the PEPS resonance peak 
frequency, which can introduce a false detection signal. Also, the liquid level change in 
the detection flow channel can also cause PEPS false detection signal. Here, to reduce the 
interference of detection environment to the PEPS detection signal, an incubator was 
used to control the detection temperature and humility (Figure 7.5). The detection flow 
channel and PEPS was kept inside the incubator for the whole time during the detection. 
The PEPS wire can goes out to the impedance analyzer from the top small opening of the 
incubator. After testing, it is found out that the variation of detection temperature can be 
fixed within 2ºC difference. Also, a beaker contain 250ml of water was also put into the 
incubator to keep a relative constant humidity during the detection, which can reduce the 
evaporation of the liquid in the detection flow channel.   
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Figure 7.5:  Incubator and detection system set up. 
B. PEPS reuse 
After detection the PEPS were regenerated as follows. First, it was cleaned with a 
1:40 diluted piranha solution, and rinsed with DI water and ethanol. It was then re-soaked 
in a 1% MPS solution in ethanol at pH 5.5 overnight. Following the MPS coating step, 
the probe cDNA was then immobilized as described above. Note all the results shown 
below were generated using the same PEPS. 
C. In-air and in-PBS Resonance spectra  
The fundamental LEM and WEM resonance frequency of the PEPS was related to 
its length, L, and width, w, as  
,    (7.1) 
and  
,    (7.2)  
LcfL 4=
wcf L 2=
100 
 
  
Where L and w are respectively the length of the PEPS as measured from the free end to 
the glue line (see Fig. 7.1(d)) and the width of the PEPS,  
       (7.3)  
And C is the sound velocity of the PMN-PT, and Y11 and ρ are the lateral Young’s 
modulus and density of PMN-PT, respectively. Note that the numerical factor “4” in the 
denominator of Eq. (7.1) reflects that in the longitudinal direction one end of PEPS is 
always a fixed (nodal) point. Note that the PEPS whose spectra are shown in Fig. 7.6 is 
1605 µm long and 690 µm wide. The calculated LEM and WEM peak frequencies using 
Eqs. (7.1) and (7.2) with Y11 = 81 GPa and ρ=7800 kg/m3 are shown as the vertical 
dashed lines. As can be seen, the resonance peak of at 505 kHz corresponded to the first 
LEM peak and the strong resonance peak at 2.2. MHz corresponded to the first WEM 
resonance peak.  
 
Figure 7.6: In-air (black) and in-PBS (red) phase angle-versus-frequency resonance spectra.  
            It is also worth noting that the frequency and height of the LEM peak and that of 
the WEM peak were not much affected by the immersion of the PEPS in the PBS. This is 
in strong contrast to the case of the flexural-mode in which both peak height and peak 
frequency were lowered by the liquid due to the damping effect as well as the inertia of 
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the liquid moving in phase with the device [45]. That the LEM and WEM peak 
frequencies were essentially unaffected by the liquid may be attributed to the negligible 
LEM (WEM) vibration amplitude,  ( ), which was only around 2 nm under the 
100 mV applied voltage across the thickness of the PEPS during a typical resonance 
spectrum scan as estimated by  ( ) where -d31= 200-250 
pm/V was the piezoelectric coefficient of the PMN-PT layer relating the strain in the 
lateral direction to the electric applied in the thickness direction [46, 49].Because of the 
small LEM vibration amplitudes, the amount of liquid moving in phase with the PEPS 
was negligible. In comparison, the vibration amplitude at the tip of a flexural mode would 
be larger than 125 nm due to the L/t amplification factor where t is the thickness of the 
PEPS [46]. That both the heights and the positions of the LEM and WEM peaks were 
much retained in liquid indicates that the LEM or WEM peaks were more suitable than 
the lower-frequency flexural modes whose peak heights were much lowered in PBS. The 
baseline of the spectrum in PBS was higher than that of the in-air spectrum presumably 
due to the conduction of the ions in the solution as a result of imperfect electrical 
insulation.   
D. Resonance frequency shifts during immobilization steps 
 To minimize the effect of instrumental noise in determining the resonance 
frequency, instead of using the highest phase angle value of a peak, we fitted a resonance 
peak to a simple parabola. The maximum of the fitted parabola was then recorded as the 
resonance frequency. As an example, the relative resonance frequency shift versus time 
measured in situ during the various immobilization steps is shown in Fig. 7.7 where the 
open symbols indicate the resonance frequency shift obtained from the raw resonance 
L∆ w∆
( )tVLdL /31=∆ ( )tVwdw /31=∆
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spectra and full symbols the resonance frequency shift obtained from the fitted parabola 
spectra.  As can be seen, during the first 20 min in PBS, the fitted resonance frequency 
did not exhibit a significant shift; when exposed to a 2 μM of Maleimide-PEG-Biotin at t 
= 20-50 min, the resonance frequency decreased and saturated at a the Δf/f (Δf) of about -
0.4% (-2.0 kHz).  At t =50-70 min, when the PEPS was rinsed with PBS again, there was 
again no significant frequency shift. At t =70-100 min, when exposed to a 10 mg/ml 
streptavidin solution, the Δf/f (Δf)  resonance further decreased by about 0.6% (3.0 kHz) 
to a cumulative shift of about -1% (-5.0 kHz). The PEPS was then rinsed with PBS for 20 
min and then exposed to a 2 µM biotinylated probe cDNA solution. Again, there was no 
significant resonance shift during the PBS rinsing at t =100-120 min while during the 
cDNA immobilization step at t =120-150 min, there was a Δf/f (Δf) of about -0.6% (-3.0 
kHz) kHz which brought the cumulative Δf/f (Δf) to about -1.6% (- 8 kHz) at t =150 min. 
Note in all three PBS steps, no significant resonance frequency shifts were detected and 
the resonance frequency decreased and the resonance frequency shifts saturated in all 
three immobilization steps (i.e., biotin, streptavidin, and cDNA immobilization steps) as 
expected due to the high concentrations of these reagents chosen for immobilization. 
Note in all these six steps, the raw data went up and down around the fitted data, 
indicating that the parabola fitting algorithm was reasonable for removing some of the 
noise present in the system. In the following, all resonance frequency shifts were 
obtained from the fitted resonance peak unless otherwise mentioned. 
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Figure 7.7: relative resonance frequency shift, Δf/f, of the PMN-PT PEPS during the 
various steps of probe cDNA immobilization. The insert in (b) shows a schematic of the 
molecules involved in the immobilization. 
To illustrate the enhancement effect due to the highly piezoelectric nature of the 
PEPS on the detection resonance frequency shift, we examine the cumulative -Δf/f =1.6% 
for the Maleimide-PEG11-Biotin, streptavidin, and biotinylated probe DNA binding steps 
in Fig 7.7 as an example. Maleimide-PEG11-Biotin was 5.9 nm in length. The size of 
streptavidin was about 5 nm and the length of the 16-mer probe DNA was about 5.4 nm 
given the average nucleotide length is 0.34 nm. Altogether, the three layers were about 
16.3 nm. If the effect of the Maleimide-PEG11-Biotin, streptavidin, and biotinlylated 
probe DNA binding on the PEPS surface was purely due to mass, the negative relative 
frequency shift, (-Δf/f)mass would be equal to the relative length change, ΔL/L, which 
would be 1.02×10-5 given that ΔL equaled approximately the total thickness of the three 
layers (L=1.605 mm).  As can be seen, the experimental (-Δf/f)exp was 1.6%, about 1000 
times larger than the (-Δf/f)mass=1.02×10-5 deduced from the mass effect. This illustrates 
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that the PEPS used in the above study with a -k31 =0.32 exhibited a -Δf/f about 1000 
times more than could be accounted for by the mass effect as a result of the high 
piezoelectric performance of the PMN-PT PEPS. Note that among the three molecules 
involved in the probe DNA immobilization, streptavidin was close to neutral and hence 
most appropriate to be used for the estimation of the number of molecules bound on the 
surface using QCM. A separate QCM measurement which gave about 60 Hz shift for the 
streptavidin binding step in a 5MHz QCM (not shown) with which we estimated that 
there was about 1 streptavidin per 16 nm2 on the PEPS surface. There were still three 
remaining binding sites left in the bound streptavidin, which likely would bind 1-2 amine 
activated probe cDNA. Therefore, we estimate that the density of the probe cDNA on the 
PEPS surface is likely 1 per 8-16 nm2.  
7.3. PEPS DNA hybridization detection result 
7.3.1. PEPS continuous DNA hybridization detection of different concentrations 
Following the probe cDNA immobilization, we subject the PEPS to target tDNA 
detection. All tDNA detections were conducted in a flow at 28◦C in an incubator with 
humidity control. The first set of detections was done with the tDNA concentration 
increasing every 30 min starting with the flow of PBS for 20 min. The result of such 
detection at 1.6, 16, 160, 1600 aM (10-18 M) is shown in Fig. 7.8 The data shown in Fig. 
7.8 were the average of 4 independent detections. As can be seen, the PEPS exhibited a 
Δf/f of about -0.2% at 1.6 aM of tDNA but no significant resonance frequency shift in 
PBS. Furthermore, the PEPSs showed a Δf/f of about -0.2% for each subsequent 
concentration increase. Note that with the standard deviation in PBS--which was 0.025%-
-as the noise, the signal (S) to noise (N) ratio, S/N, was about 8 at 1.6 aM. 
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Figure 7.8: Relative resonance frequency shift (-Δf/f) versus time of tDNA detection with 
consecutively increasing concentrations at a flow rate of 1 ml/min.   
7.3.2. PEPS DNA hybridization detection dose response curve 
The second set of detection was dose-response study where each detection 
experiment was only carried out at one tDNA concentration for 30 min. The tDNA 
concentration, c, ranged from 0, 1.6, 16, 160, 1600, to 16000 aM. The relative resonance 
frequency shift Δf/f versus time at various tDNA concentrations is shown in Fig. 4(a). 
Four different negative controls were carried out to make sure the shift for the tDNA is 
actually due to hybridization with the probe and not to adsorption on the modified 
surface: 1) PEPS with complementary probe DNA detect the solution with no target 
DNA(already showed in dose response curve). 2) PEPS with complementary probe DNA 
detect the solution with non-complementary DNA. 3) PEPS without probe DNA detect 
the solution with 1.6fM target DNA in it. 4) PEPS with Non-complementary DNA detect 
the solution with 1.6fM target DNA in it. Note that the data points shown in Fig. 7.9(a) 
were the average of 3-4 independent detection results. As can be seen, there was a clear 
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nonzero Δf/f for every concentration at t=30 min and that -Δf/f increased with an 
increasing tDNA concentration. In Fig. 7.9(b), we plot the –Δf/f at t=30 min versus tDNA 
concentration. Also shown in Fig. 7.9(b) is the S/N ratio at t = 30 min where S was the -
Δf/f at t= 30 min and N the standard deviation of -Δf/f at zero tDNA concentration, c. As 
can be seen, both -Δf/f and S/N increased with an increasing concentration and that the -
Δf/f of 0.2% and S/N of about 8 at 1.6 aM were consistent with those obtained in Fig. 7.8, 
with -Δf/f of 0.19%. 
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Figure 7.9: (a) Relative resonance frequency shift, Δf/f versus time of tDNA detection at 
various tDNA concentrations for 30 min at a flow rate of 1 ml/min, and (b) -Δf/f at t = 30 
min (full squares) and signal/noise, S/N, ratio (open circles) versus tDNA concentration 
where the signal, S, was the -Δf/f at t = 30 min of a certain tDNA concentration and the 
noise, N, was the -Δf/f at t = 30 min at zero tDNA concentration (0.025%)--Note all data 
points were the average of 3-4 independent runs. 
7.4. PEPS DNA hybridization detection result validation 
7.4.1. PEPS DNA hybridization detection result validation using fluorescence 
reporter DNA 
To validate that the detected Δf/f was indeed due to the hybridization of the target 
tDNA with the cDNA on the PEPS surface, we flowed 50-nt fluorescently-labeled tDNA 
(vendor) solution through the detection chamber instead of the 200-nt tDNA for 30 min. 
The PEPS was then rinsed with DI water three times to remove unbound tDNA. The 
fluorescent images of the bound fluorescent tDNA on the PEPS after the hybridization 
experiments at various fluorescent-tDNA concentrations as obtained in a fluorescent 
microscope (Olympus BX51) are shown in Fig. 7.10. As can be see, the orange 
fluorescence of the dye could be clearly seen at tDNA concentrations ≥1.6×10-14 M and 
the fluorescence increased with an increasing tDNA concentration, indicating that indeed 
the probe cDNA was indeed immobilized on the PEPS surface and capable of capturing 
target tDNA from the solution.  
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Figure 7.10: orange fluorescent images of the 50-nt fluorescently-labeled tDNA captured 
on the PEPS surface at various concentrations for 30 min—note the orange dashed lines 
were only to guide the eye for the boarder of the PEPS. The orange fluorescence 
exhibited at 16 fM and 16 pM and that the fluorescent signal increased with the tDNA 
concentration supported the resonance frequency shifts shown in previous DNA 
hybridization detection were due to the tDNA captured on the PEPS surface. 
7.4.2. PEPS DNA hybridization detection result validation using fluorescence-
microspheres 
To validate in situ and by visualization after the detection, we follow the detection 
of the 200-nt tDNA with detection of fluorescently-labeled (Bright Blue, excitation: 360 
nm, emission: 407nm) microspheres (Polysciences) 6 nm in diameter conjugated with 
two 30-nt amine-activated reporter cDNAs with a 12-carbon spacer (Sigma) that were 
complementary to the tDNA but different from the probe cDNA on the PEPS surface. 
One reporter cDNA was complimentary to the sequence downstream and the other 
complementary to the upstream of the targeted sequence in the target tDNA. The 
sequences of the reporter cDNAs are also shown in Table 7.1. First, 0.1 ml of 2.1×108 
(d) 
16 f M  
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particles/ml stock suspension of microspheres was diluted 10 times in PBS. Afterward, 
the suspension went through the following washing steps three times: vortexing for 15 
seconds, centrifuging at 3700 rpm (Centra, CL2, IEC, MA), discarding the supernatant, 
re-suspending the sediment in 10 ml PBS. For conjugation, the suspension was mixed 
with 330 nM amine-activated upstream and downstream cDNAs mixed at a 1:1 ratio, 5 
mg/ml 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Sigma,MA) and 5 
mg/ml sulfonated N-Hydroxysuccinimide (sulfo-NHS) (Pierce,IL) and incubated at room 
temperature for 1 hr. The suspension was then washed by centrifugation 3 times as 
described above. After the final washing, a 10 ml of stock conjugated microspheres 
suspension of 2.1 ×106 particles/ml was obtained. For detection, 1 ml of the stock 
suspension of conjugated microspheres was further diluted by 10 times to a volume of 10 
ml and a concentration 2.1 ×105 particles/ml. In the following, all the microspheres 
detection results were obtained at 2.1 ×105 particles/ml.  
A. Conjugation of reporter cDNA to reporter fluorescent microspheres (RFMs) 
The fluorescent reporter microspheres (FRMs) were made of polystyrene 
purchased from Polysciences with the brand name Fluoresbrite® Bright Blue 
Carboxylate Microspheres. They came capped with carboxyl (-COOH) groups on the 
surface as well as blue fluorescent dyes. To conjugate a FRM with an amine-activated 
rDNA, the carboxyl on a FRM reacted with 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) to form an immediate o-acylisourea ester, which reacted with 
sulfonated N-Hydroxysuccinimide (sulfo-NHS) to form an amine-reactive NHS ester on 
the FRM surface. The bound NHS ester further reacted with the amine at the 5’ end of the 
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rDNA to form a peptide bond to covalently bond the rDNA to the FRM surface. Figure 
7.11 shows a schematic of these reaction steps. 
 
Figure 7.11: A schematic of the reactions linking a polystyrene FRMs with an amine-
linked rDNA. First, the carboxyl on the FRM reacted with EDC to form an oacylisourea 
ester, which further reacted with sulfo-NHS to form an amine-reactive NHS ester on the 
FRM surface. The NHS ester on the FRM surface reacted with the amine at the 5’ end of 
an rDNA to form a peptide bond to covalently bond the rDNA on the FRM surface.  
B. Detection validation using Fluorescence-microspheres following DNA 
hybridization detection 
        After Conjugation of reporter cDNA to reporter fluorescent microspheres (RFMs), 
this reporter cDNA is ready for DNA hybridization detection validation. The figure 7.12 
showed the schematic of the design of this validation. The microsphere conjugated to 
both upstream and downstream reporter cDNA, which make it can hybridize to the tDNA 
captured on the PEPS surface for both in situ validation and later visualization. 
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In Fig. 7.13, we plot the Δf/f versus time in tDNA detection at various tDNA 
concentrations followed by microspheres detection to validate PEPS tDNA detection in 
situ. A negative control was carried out to check that the microspheres do not have 
nonspecific binding when there is no tDNA on the PEPS surface (tDNA concentration is 
0 aM in previous tDNA detection). As can be seen, following the microspheres after the 
initial tDNA detection produced a Δf/f about the same magnitude for the tDNA detection. 
Since the reporters were complementary to the tDNA, the observation of the Δf/f of the 
microspheres binding to the PEPS immediately after the tDNA detection served as in situ 
validation of the tDNA detection (much like the binding of the secondary antibody in an 
immunoassay). Δf/f=0 when tDNA is at 0 aM indicates that there is no nonspecific 
binding of microspheres.  
Figure 7.12: (a) a schematic of the microsphere conjugated to both upstream and 
downstream reporter cDNA that can hybridize to the tDNA captured on the PEPS 
surface for both in situ validation and later visualization. 
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Figure 7.13: (b) Δf/f versus time of tDNA detection at various tDNA concentration at t = 0 
to 30 min followed with in situ validation by microsphere detection at t = 50-80 min.  
In addition to the in situ validation, the fluorescently labeled microspheres are 
easy to observe in a microscope. We show the fluorescent images of the reporter 
microspheres captured on a PEPS surface following target detection at various tDNA 
concentrations in Fig. 7.14(a). As can be seen, the number of reporter microspheres 
increased with tDNA concentration in a dose response study further validating PEPS 
detection down to 1.6×10-18 M. To examine the number of microspheres observed on the 
PEPS and the -Δf/f caused by the binding of the microspheres, we plot the -Δf/f due only 
to the microspheres, i.e., the relative frequency shift between at t = 50 and t =80 min in 
Fig. 7.14(b) (full squares) as well as the number of captured microspheres (open circles) 
obtained by counting the microspheres on one face of the PEPS in the microscope versus 
tDNA concentration. As can be seen, -Δf/f was linear with the number of microspheres 
bound on the PEPS surface, supporting that PEPS resonance frequency shift was indeed 
reliable down to the aM tDNA concentration without isolation or amplification.  
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Figure 7.14: (a) Blue fluorescent images of the captured microspheres on the PEPS surface 
after the microsphere detection following tDNA detection at various tDNA concentrations, 
and (b) the relative resonance frequency shift, -Δf/f and the number of the captured 
microspheres on one face of the PEPS versus tDNA concentration during the microsphere 
detection following the tDNA detection. 
We have investigated real-time, in situ DNA hybridization detection using 
piezoelectric plate sensors (PEPSs) consisting of a highly piezoelectric lead magnesium 
niobate-lead titanate (PMN-PT) layer 8 µm in thickness thinly coated with Cr/Au 
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electrodes and electrically insulated with 3-mercaptopropyltrimethoxysilane (MPS) 
encapsulation. With probe complementary DNA (cDNA) immobilized on the PEPS 
surface and by monitoring the first longitudinal extension mode (LEM) resonance 
frequency shift of the PEPS we showed that we could detect hybridization of the target 
DNA (tDNA) to the probe cDNA on the PEPS surface at 1.6×10-18 M with a signal to 
noise ratio of 8 without isolation and amplification, which was validated in situ by the 
detection of fluorescently labeled microspheres coated with reporter cDNAs 
complementary to the tDNA but different from the probe cDNA following the detection 
of the tDNA and later by fluorescent visualization.  
7.5. Chapter summary 
In this chapter we have investigated real-time, in situ DNA hybridization 
detection using piezoelectric plate sensors (PEPSs) consisting of a highly piezoelectric 
lead magnesium niobate-lead titanate (PMN-PT) layer 8 µm in thickness thinly coated 
with Cr/Au electrodes and electrically insulated with 3-mercaptopropyltrimethoxysilane 
(MPS) encapsulation. With probe complementary DNA (cDNA) immobilized on the 
PEPS surface and by monitoring the first longitudinal extension mode (LEM) resonance 
frequency shift of the PEPS we showed that we could detect hybridization of the target 
DNA (tDNA) to the probe cDNA on the PEPS surface at 1.6×10-18 M with a signal to 
noise ratio of 8 without isolation and amplification, which was validated in situ by the 
detection of fluorescently labeled microspheres coated with reporter cDNAs 
complementary to the tDNA but different from the probe cDNA following the detection 
of the tDNA and later by fluorescent visualization.  
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Chapter 8: Real-time, in-situ protein detection without amplification in complex 
environments using PMN-PT piezoelectric plate sensor (PEPS) with enhanced 
performance 
In Chapter 7, the PEPS showed good sensitivity (~aM) in DNA hybridization 
detection in PBS. In this chapter PEPS detection performance for protein detection such 
as Her2, Troponin I, C diff toxin and Tn detection will be studied in complex 
environment. Also, detection validation such as using fluorescent microspheres and blind 
sample detection will also been carried out. PEPS array was also assembled to carry out 
breast cancer patient serum sample detection.  
8.1 Her2 detection using PEPS 
Real-time, in situ Her2 detection in undiluted serum was investigated using 
piezoelectric plate sensors (PEPSs) consisting solely of a highly piezoelectric lead 
magnesium niobate-lead titanate (PMN-PT) layer 8 μm in thickness thinly coated with 
Cr/Au electrodes and electrically insulated with 3-mercaptopropyltrimethoxysilane (MPS) 
encapsulation. With Her2 antibody immobilized on the PEPS surface and by monitoring 
the first longitudinal extension mode (LEM) resonance frequency shift of the PEPS we 
showed that we can detect Her2 on the PEPS surface at 1 pg/ml level with a signal to 
noise ratio of 7 without isolation and amplification, which was validated in situ by the 
detection of fluorescently labeled microspheres coated with secondary Her2 antibody 
following the detection of the Her2. The enhancement of the resonance frequency shift 
due to the binding-induced crystalline orientation switching in the PMN-PT layer may be 
the reason for the high sensitivity of the PEPS. 
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8.1.1 Motivation 
Detecting cancer early in its development is one of the factors associated with 
successful treatment outcome. Unfortunately for many types of cancer the first symptoms 
appears late in disease progression.  Therefore, early detection needs to be based upon 
assays for cancer biomarkers in biological fluids such as serum or urine. The most 
commonly employed method for detecting biomarkers in biological fluids is the enzyme-
linked immunosorbent assay (ELISA), a colorimetric antibody-based capture assay.  
While the technique is widely employed, the assay can be time-consuming to perform 
and the antibodies employed must be functionalized with enzymes in order to measure 
the degree of binding.   
Here we focus on developing piezoelectric plate sensors (PEPS) as sensitive and 
rapid biosensors for the detection of cancer biomarkers in PBS and human serum.  In 
particular, PEMS composed of a highly piezoelectric layer, lead magnesium niobate–lead 
titanate (PbMg1/3Nb2/3O3)0.63–(PbTiO3)0.37(PMN-PT) [21] [21] have been shown to 
exhibit an enhanced detection resonance frequency shift three orders of magnitude larger 
than could be accounted for by mass change alone due to the polarization switching-
induced Young’s modulus change in the PMN-PT layer.  In addition, it has also been 
shown that the resonant mode of a PEMS can better withstand liquid damping[20][20] for 
direct, in-situ liquid detection.  With Young’s modulus change-induced sensitivity 
enhancement, PEMS containing an 8µm thick PMN-PT layer was shown to be capable of 
directly detecting Virus and bacterium of very low concentration.[18, 92]/ 
Previously, Her2 detection was carried out by Lina Loo using the PEMS (-
k31=0.22) and the sensitivity can reach 100 pg/ml.[22] Here we will use the PEPS for the 
117 
 
  
same Her2 detection instead of using PEMS. The structure difference between PEPS and 
PEMS is that, there is no copper layer (2.5µm~3.5µm) in PEPS showed in Fig. 2.8. 
Because of this, the detection sensitivity should be better due to two facts: 1) Larger  -k31 
PEPS  has better detection sensitivity and performance; 2) Without the copper layer, the 
stress on PMN-PT layer should be larger for the same surface stress due to thinner 
thickness. 
8.1.2 Her2 detection in PBS 
8.1.2.1 Experimental Protocol for Her2 Detection in PBS 
1) PEPS fabrication and insulation 
The PEPS fabrication step are the same as previously discussed in the DNA 
hybridization detection chapter. Figure 2.8 in chapter 2 showed the structure of the PEPS 
and its extension mode.  
For electrical insulation step, a PEPS with 0.355 –k31 value was first cleaned in a 
1-in-40 diluted piranha solution (two parts of 98% sulfuric acid (Fisher)) with one part of 
30% hydrogen peroxide (Fisher)) for 10 min followed with de-ionized (DI) water and 
ethanol rinsing. It was first soaked in a 0.1 mM mercaptopropyltrimethoxysilane (MPS) 
(Sigma-Aldrich, MO) solution in ethanol (Fisher Scientific, NY) for 30 min followed by 
soaking in a 1% MPS ethanol solution at pH 5.5 for 48 hours where the MPS solution 
was replaced with a fresh one every 12 hr. The PEPS was rinsed with DI water and 
ethanol before it is immersed into a fresh MPS solution. According to the quartz crystal 
microbalance (QCM) measurement, thickness of the MPS coating was 100-200 nm. 
Finally, the PEPS is rinsed in DI water and ethanol before further surface modification 
for detection. After insulation, the resonance spectra of the PEPS were measured using an 
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Agilent 4294A electrical impedance analyzer (Agilent).  The phase-angle-versus-
frequency resonance spectra of the PEPS in air (black) and in phosphate buffer saline 
(PBS) solution (red) are shown in Fig. 2.8. The baseline of PEPS in air and in PBS is 
very close indicating good insulation. The insert graph is a SEM image of the PEPS 
cross-section. The grain size is around 3.5µm and showed PEPS reach full density. 
2) Functionalization of PEPS with the anti-HER2  
The anti-HER2 monoclonal antibody (Herceptin) was maleimide-activated by 
incubation with Sulfosuccinimidyl 4-N-maleimidomethyl cyclohexane-1-carboxylate 
(sulfo-SMCC) (Pierce Biotechnology, MI) at a molar ratio of 1:80 (antibody: sulfo-
SMCC) for 30 minutes at room temperature.  Excess sulfo-SMCC was removed by 
centrifugation through a microcon filter (Millipore) with a molecular weight cutoff of 10 
kDa for 3 times with PBS refilling.  The MPS-insulated PEMS were then soaked in a 
solution containing the sulfo-SMCC-linked Her2 antibody for 30 minutes. After that, the 
PEPS were soaked in PBS to remove unbinding chemicals on PEPS surface. For the Her2 
detection in diluted serum, after Her2 antibody immobilization, the PES were put into 3% 
BSA blocking solution as a blocking for an additional 30 minutes at room temperature to 
prevent the nonspecific binding .   
3) Secondary Her2 antibody linked microsphere synthesis  
Microsphere was also used in this study as a sensitivity enhancement method. 
Amine linked fluorescent dye modified microsphere (polysciences) (6μm in diameter) 
was first bound to secondary Her2 antibody using EDC (10mg/ml) and NHS(10mg/ml)  
(Thermo scientific) for 12 hours at 4◦C in dark environment. After that the excess 
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unbound microspheres were removed by centrifuging for at 3000 rpm/min for 10 mins 
for 3 times, which makes the Her2 linked microspheres solution ready for use. 
4) PEPS reuse  
After each detection, a PEPS was regenerated as follows. First, it was cleaned 
with a 1:40 diluted piranha solution, and rinsed with DI water and ethanol. It was then re-
soaked in a 1% MPS solution in ethanol at pH 5.5 for total 72 hours. Fresh 1% MPS 
solution was used to change the solution every 12 hour. After that new Her2 antibody 
was immobilized on the PEPS surface as described above.  
5) Flow system setup 
All the Her2 detections were carried out in a flow system. A schematic of the flow 
system consisting of a polycarbonate detection chamber 18.5 mm long 3.5 mm wide and 
5.5 mm deep (volume=356 µl), two reservoirs, and a peristaltic pump (Cole-Parmer 
77120-62) interconnected with 2-mm wide tubing is schematically shown in Fig. 8.1(a). 
The PEPS was vertically placed in the center of flow in the detection chamber with its 
major faces parallel to the flow (Fig. 8.1(b)). In each detection event, only one reservoir 
is connected to the detection chamber. The total volume of the liquid was about 53-55 ml 
including the liquid in the reservoir, the detection chamber and the connecting tubing. 
Once the detection involving the first reservoir was over, the second reservoir was switch 
one and the first reservoir off to start the detection with the second solution. If there is a 
third solution following the second, the first reservoir was then replaced with a reservoir 
containing the third solution so that it could be switched on when the detection with the 
second solution was over. By doing so, the PEPS could sample different solutions while 
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the resonance frequency of the PEPS could be continually monitored in situ to record the 
resonance frequency shift in real time. It is worth mentioning that the present detection 
cell is an open one, switching from one fluid to another too quickly could generate a 
spike (either upward or downward) in the resonance frequency shift (not shown). 
However, we found that as long as the valves were turned slowly enough (>20s), 
switching from one solution to another did not generate a spike in the resonance 
frequency shift. In the following, all detections were carried out with a flow rate of 1 
ml/min corresponding to an average flow velocity of 1.4 mm/s at the PEPS surface. 
Different concentrations (0.5 pg/ml-750 pg/ml) of Her2 detection sample with a total 
value of 50ml was prepared by several times of dilution of Her2 in PBS. 
 
Figure 8.1: A schematic of (a) the flow system, (b) the detection cell where the PEPS was 
placed vertically in the center of the flow with the major faces of the PEPS parallel to the 
flow. 
Before each Her2 detection, the PBS was circulated through the channel at a rate 
around 3.7 ml/min using a peristaltic pump (77120-62, Cole-Parmer’s MasrterFlex) and 
the frequency of the resonance peak around 700 KHz was monitored using Impedance 
analyzer (4294A, Agilent) until it reached a stable baseline with a resonant frequency 
change of less than 200 Hz over 30 min. When a stable baseline was obtained, certain 
(a) 
 
(b) 
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concentration of Her2 samples were transferred into the liquid detection chamber for 
detection using a three gate valve and the vibrational frequency of the PEPS was recorded 
for 30.  Each concentration of Her2 detection was repeated three times. 
6) Two negative controls design 
Two negative controls were designed for Her2 detection in undiluted serum (Fig. 
8.2). Negative One was a sensor immobilized with Her2 antibody with 5% BSA blocking. 
After that PEPS was put into undiluted serum without any Her2 and monitoring for 50 
mins.  Negative Two was a sensor with 5% BSA blocking without immobilized with 
Her2 antibody. After that PEPS was put into undiluted serum with 25 pg/ml Her2 and 
monitored for 50mins.    
 
 
Figure 8.2: Two negative controls detection designs. 
8.1.2.2 Experimental Protocol for Her2 Detection in PBS 
1) Her2 detection dose response curve 
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Figure 8.3: Her2 dose response curve in PBS from 1 pg/ml to 750 pg/ml including 
negative control. 
The Figure 8.3 showed PEPS response to different concentrations (from 1 pg/ml 
to 750 pg/ml) of Her2 detection in PBS. The designed concentration of Her2 will flow to 
the PEPS flow channel after the PEPS peak position is stable in PBS for at least 20 mins. 
Each concentration curve is generated by three separate Her2 detections and is plotted by 
averaging the three detection data with standard deviation. Negative control was done by 
putting Her2 antibody linked PEPS into PBS for detection, which were also done three 
times. From this graph, we can see the PEPS response increases with the concentration of 
Her2 and the PEPS can detect 1 pg/ml of Her2 in PBS, in which the response signal is 3 
times higher than negative control noise level. Also we notice that the PEPS response is 
faster (~25 mins) at high Her2 concentration than at low concentrations (~50 mins). 
2) Her2 detection in PBS validation with Microsphere: 
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To validate the PEPS Her2 detection in PBS, the Her2 secondary antibody linked 
microsphere was used in this study. After certain concentration of Her2 detection was 
finished, PBS was flowed into the detection channel to remove the remaining Her2 in the 
detection system and the PEPS response was monitored at the same time for 10 mins as 
background. After that, the second anybody of Her2 linked microspheres suspension was 
flowed into the detection channel and the PEPS response was monitored for another 30 
mins.  
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Figure 8.4:  Cantilever sensor response of different Her2 concentrations and Her2 linked 
microsphere detection enhancement effect in PBS. 
        Figure 8.5 summaries the PEPS response to the Her2 detection part only and sum of 
Her2 detection and Her2 secondary antibody linked microspheres detection afterwards. 
From Figure 8.4 we can see that the Her2 secondary antibody linked microspheres 
increase the PEPS response around 3 times to 5 times, which makes the PEPS possible to 
carry out 1 pg/ml Her2 detection in more complex background such as serum instead of 
PBS. 
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Figure 8.5:  Cantilever sensor response of different Her2 concentrations and Her2 linked 
microsphere detection enhancement effect. 
In Figure 8.6 we show the fluorescent images of the reporter microspheres 
captured on a PEPS surface following target detection at various Her2 concentrations. 
The number of the reporter microspheres increased with Her2 concentration in a dose 
response trend further validating PEPS detection sensitivity of 1 pg/ml.  
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Figure 8.6:  Blue fluorescent images of the captured microspheres on the PEPS surface 
after the microsphere detection following Her2 detection at various Her2 concentrations 
in PBS. 
-50 0 50 100 150 200 250 300 350
0
20
40
60
80
100
120
140
∆f
/f
(%
)
M
ic
ro
s
p
h
e
re
 n
u
m
b
e
rs
Her2 concentration (pg/ml)
 Microsphere numbers
0.0
0.2
0.4
0.6
0.8
 
 
Figure 8.7:  Microspheres numbers on the PEPS surface and relative frequency shift after 
each microsphere detection following each different concentration of Her2 detection. 
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In Figure 8.7 we plotted the microsphere numbers on the PEPS surface after each 
Her2 concentration detection based on counting the numbers of microsphere on 
fluorescent images. The blue data shows that the microsphere binding further increases 
relative frequency shift after Her2 detection. We can see that the microsphere binding 
induced relative frequency shift increases with the numbers of microsphere on PEPS 
surface.  
 In this study, we showed that 1 pg/ml of Her2 detection can be carried out in PBS 
in real time using PEPS without signal amplification. Microsphere was used as a 
validation method after detection. This great sensitivity of Her2 detection in PBS and fast 
time (30mins) make the PEPS a great candidate for clinical detection Her2 for early 
breast cancer patient with advantage of real-time low cost without any amplification. 
For real clinic application, the Her2 detection will be carried out in patient serum 
samples that are more complex than PBS due to many other proteins molecules in the 
serum, which may lower the PEPS detection sensitivity. As a result, we carry out Her2 
detention in 1:40 diluted serum first and undiluted serum later to study the effect of 
environment on PEPS detection sensitivity. 
8.1.3 Her2 detection in (1:40) diluted serum 
For the Her2 detection in (1:40) diluted bovine serum, all the experiments 
protocol are the same as Her2 detection in PBS except using the (1:40) diluted bovine 
serum to replace the PBS in all the steps including the preparation of different 
concentrations of Her2  in each set of experiment. 3% of BSA was used as a blocking 
method to prevent non-specific binding for Her2 detection in 1:40 diluted serum. Certain 
127 
 
  
concentration of Her2 in diluted serum will be switched to flow channel after the PEPS 
peak position become stable in diluted serum without Her2 for at least 20 mins. Two 
PEPS with similar –k31 (0.335 and 0.337) were used to carry Her2 detection in diluted 
serum using Her2 secondary antibody linked microspheres. Negative control was carried 
out by putting Her2 antibody linked PEPS into diluted serum only without Her2 for 
detection. Figure 8.8 showed the PEPS can detect 5 pg/ml of Her2 in (1:40) diluted 
bovine serum, in which the response signal is 5 times higher than negative control noise 
level. 
Detection validation was also carried out using the same Her2 secondary antibody 
linked fluorescent microsphere. The validation step is the same as the fluorescent 
microsphere validation step as Her2 detection in PBS.  Figure 8.8 showed the similar 
Her2 detection dose response curve in (1:40) diluted bovine serum followed by 
microsphere validation. From Figure 8.8, we can see the PEPS showed a second response 
to the Her2 secondary antibody linked microsphere after first step of Her2 detection, 
while there is no secondary detection response for the 0 pg/ml Her2 detection. This 
indicates all the PEPS response to different concentration of Her2 detection is real, which 
is due to captured Her2 on PEPS.  
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Figure 8.8:  Cantilever sensor response of different Her2 concentrations and Her2 linked 
microspheres detection enhancement effect in 1:40 diluted Serum. 
8.1.4 Her2 detection in undiluted serum 
8.1.4.1 Experimental Protocol for Her2 Detection in undiluted serum 
In this study of Her2 detection in undiluted full serum, all the experimental 
protocol are the same except the following: 1)A new optimized insulation method 2) 
using undiluted bovine serum to replace the PBS in all the steps including the preparation 
of different concentrations of Her2  solution in each set of experiment. 3) 5% of BSA was 
used as a blocking method to prevent non-specific binding for Her2 detection in 
undiluted serum; 4) Using the Maleimide-PEG11-Biotin (Pierce) and streptavidin 
(RayBiotech) instead of SMCC as a linking molecular for immobilization of Her2 
antibody on PEPS surface. 
1) Electrical Insulation 
For electrical insulation, we followed an optimized insulation method in our 
group[106]. A PEPS was first cleaned in a 1-in-40 diluted piranha solution ((two parts of 
98% sulfuric acid (Fisher) with one part of 30% hydrogen peroxide (Fisher))) for 10 min 
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followed with de-ionized (DI) water and ethanol rinsing. It was first soaked in a 0.1 mM 
mercaptopropyltrimethoxysilane (MPS) (Sigma-Aldrich, MO) solution in ethanol (Fisher 
Scientific, NY) with 0.1% volume water for 30 min followed by soaking in a 1% MPS 
ethanol solution with 0.1% volume water at pH 10 for 48 hours in which insulation 
solution was replaced with a fresh one every 12 hr. The PEPS was rinsed with DI water 
and ethanol before it is immersed in a fresh insulation solution. Finally, the PEPS is 
rinsed in DI water and ethanol before further surface modification for detection. Figure 
8.9 shows that for the same amount of insulation time, the new insulation can provide 
better insulation by introducing a lower baseline. Figure 8.10 and Table 8.1 shows the 
noise level is also lower for new insulation method after the same insulation time, which 
is consistent with the PEPS spectra result.   
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Figure 8.9: Spectra comparison for old and new insulation method for different time. 
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Figure 8.10: Noise level for old and new insulation method for different time. 
Table 8.1: Noise level for old and new insulation method for different time 
Insulation 
method 
Old 
insulation 
for 24hrs 
New 
insulation 
for 24hrs 
Old 
insulation 
for 48hrs 
New 
insulation 
for 48hrs 
Old 
insulation 
for 48hrs 
Noise 
level 
(standard 
deviation) 
 
2.857E-4 
 
1.447E-4 
 
1.458E-4 
 
2.278E-5 
 
5.239E-5 
2) Functionalization of PEMS with the anti-HER2  
For the Her2 detection in undiluted serum, the conjugation method is as follows: 
first, the PEPS was first soaked in a 2-μM aqueous Maleimide-PEG11-Biotin (Pierce) 
solution for 30 min followed by rinsing with DI water and phosphate buffer saline (PBS) 
solution (Mediatech). The biotin-functionalized PEPS was then soaked in a 10 mg/ml 
streptavidin (RayBiotech) solution in PBS for 30 min followed by DI water and PBS 
rinsing. After that the streptavidin-coated PEPS was soaked in biotinylated Her2 antibody 
solution for 30 min. Finally, the PEPS was put into 5% of BSA solution for blocking for 
15mins and washing with PBS before carrying out detection experiment in undiluted 
serum. The reason we using Biotin and streptavidin binding for immobilization is that the 
PEPS showed large response (~1.5 times) for the same concentration of Her2 antibody 
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immobilization step as shown in Figure 8.11, which indicates more antibody immobilized 
on PEPS surface. 
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Figure 8.11: New (Biotin-Streptavidin) immobilization method and old (SMCC)) 
immobilization method effect on Her2 Antibody immobilization step. 
8.1.4.2 Results of Her2 Detection in undiluted full serum 
1)  Her2 detection dose response curve in undiluted serum 
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Figure 8.12: Her2 dose response curve in undiluted serum from 1pg/ml to 750pg/ml 
including negative control.  
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Figure 8.12 showed PEPS response to different concentrations (from 1 pg/ml to 
750 pg/ml) of Her2 detection in undiluted serum. Negative control was done by putting 
Her2 antibody linked PEPS into PBS for detection. Certain concentration of Her2 in 
undiluted serum will be switched to flow channel after the PEPS peak position becomes 
stable in undiluted serum without Her2 for at least 30 mins. From this graph, we can see 
the PEPS response increase with the concentration of Her2 and the PEPS can detect 1 
pg/ml of Her2 in undiluted serum, which the response signal is 6 times higher than 
negative control noise level.  
2) Her2 detection dose response curve in undiluted serum with DC Bias: 
Negative DC bias was used to enhance the Her2 detection sensitivity. Previous 
work (section 4.3) showed negative DC bias can increase PMN-PT piezoelectric property 
such as -k31. Figure 8.14 showed an example how a PEPS –k31 can increase from 0.33 to 
0.38 by applying a 2.5V negative DC bias. Based on chapter 3, by increasing the -k31 of 
PEPS for the same detection the PEPS will show larger relative frequency shift, which 
will induce a larger signal to noise ratio. So in theory, the PEPS Her2 detection 
sensitivity can be increased by applying negative DC bias. Here we applied -2.5V for the 
PEPS during all detection process because it showed the maximum -k31. The spectra in 
PBS under different DC bias still have good shape and low baseline comparing with 
spectra in air without DC bias indicating a good insulation for the detection in undiluted 
serum using negative DC bias. (Figure 8.13(a))   
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Figure 8.13: (a) Cantilever spectra in air and PBS after insulation with negative DC bias 
(b) PEPS -k31 value relationship under different DC bias. 
During each detection, the designed concentration of Her2 in undiluted full serum 
flow to the PEPS flow channel after the PEPS peak position is stable in undiluted full 
serum for at least 30mins. From Figure 8.14, we can see that both negative controls did 
not show any response which indicating the 5% BSA blocking is good enough for PEPS 
to carry out Her2 detection in undiluted serum without any nonspecific binding. It also 
indicates that the insolation is good enough to carry out in liquid detection in undiluted 
serum sample. The PEPS responses to Her2 increase with Her2 concentrations. The 0.1 
pg/ml detection’s signal/noise ratio is larger than 10 which is good enough to distinguish 
it from negative control.  
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Figure 8.14: Her2 dose response curve in undiluted serum under negative DC bias from 
0.1 pg/ml to 325 pg/ml including negative control. 
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Figure 8.15: Signal over noise ratio comparisons for different concentrations of Her2 in 
undiluted serum with and without DC bias. 
From the Figure 8.15 we can see that with negative DC bias, the signal/noise ratio 
increase for each concentration of Her2, which increase the Her2 detection sensitivity in 
undiluted serums.  
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8.1.5 Summary on Her2 detection 
In this study, we showed that the PEPS can detect Her2 on the PEPS surface at 1 
pg/ml with a signal to noise ratio of larger than 7 without isolation and amplification in 
PBS and diluted serum (1:40), which was validated in situ by the detection of 
fluorescently labeled microspheres coated with secondary Her2 antibody following the 
detection of the Her2. With new (Biotin-Streptavidin) immobilization protocol, The 
PEPS showed 1 pg/ml Her2 detection sensitivity with a signal to noise ratio larger than 6 
in undiluted serum. Furthermore, using negative DC bias, we showed that 0.1 pg/ml of 
Her2 in undiluted serum sample can be detected in real-time using PEPS without 
amplification (by increasing the signal to noise ratio from <7 to larger than 10). This 
great sensitivity of Her2 detection in serum and fast time (30 mins) make the PEPS a 
great candidate for clinical detection Her2 for early breast cancer patient with advantage 
of real-time low cost without any amplification. The further work will be focused on 
PEPS array making with make it can carry out several biomarkers detection task one time, 
which is big advantages comparing with other method such as Elisa. 
8.2 Troponin I detection in undiluted serum          
Detecting possible heart attack early in its development is one of the important 
factors associated with successful treatment of heart attack. In the United States in 2008, 
it is estimated there were 16 million people with coronary heart disease (CHD).[138] 
There were around 1.26 million CHD events and 405,000 deaths caused by CHD in 2008, 
which is approximately 1 in every 6 deaths in the US in 2008. Acute myocardial 
infarction (MI)-commonly known as heart attack, is a major CHD which occurs when the 
blood supply from the coronary to the heart muscles is disrupted.  Usually chest pain is a 
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classical symptom of MI and CHD. In the US and Europe combined, there are 
approximately 15 million emergency room (ER) ER visits related to chest pain or other 
symptoms suggestive of acute myocardial infarction (MI).[139] Rapid identification of 
MI or CHD more accurately is critical for the initiation of medical treatment. 
Unfortunately the first heart attack symptoms appear late in Heart attack progression.  
Therefore, early detection will need to be based upon assays for cancer biomarkers in 
biological fluids such as serum. 
The troponin test measures the levels of one of two proteins, troponin T or 
troponin I, in a blood sample (Fig. 8.16). These proteins are released when the heart 
muscle has been damaged, such as during a heart attack. (Fig. 8.17) The more damage 
there is to the heart, the greater amount of troponin T and I there will be in the blood. 
 
Figure 8.16: Troponin release with heart muscle damage. 
137 
 
  
  
Figure 8.17: Troponin I Troponin C and Troponin T release with heart muscle damage. 
Cardiac troponins, which are structural proteins unique to the heart. On the other 
hand, they are sensitive and specific biomarkers of myocardial damage.[140-144] For 
normal people, cardiac troponin is absent in serum. When a person suffers from an MI 
event, his or her serum cardiac troponin concentration rises with time as illustrated in Fig. 
8.19. Note the normal serum cardiac troponin level shown as the green line in Fig 8.18 is 
on the level of pg/ml.  
 
Figure 8.18: Detection range of different troponin assays. 
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Figure 8.19: Current Troponin detection assays. 
The most commonly used method for detecting biomarkers in biological fluids is 
the enzyme-linked immunosorbent assay (ELISA), a colorimetric antibody-based capture 
assay.  Current gold standard of serum cardiac troponin detection uses ELISA has an 
analytical limit around 170 pg/ml and usually takes >75 min to perform. The problem of 
the current ELISA cardiac troponin assay is that it can only detect cardiac troponin in 
serum 2-6 hours after an MI has occurred (the red line regime in Fig. 8.18). It is thus not 
useful for assessing the serum cardiac troponin levels of the first few hours after an MI 
has occurred. There are also some so-called rapid troponin assays with a detection time 
ranging 5-15 min. Although the detection time of these rapid troponin assays are short, 
their analytical limits are usually1 ng/ml or larger (in the later stage of the red line 
regime), thus inadequate for assessing the serum troponin level during the first few hours 
(orange line) after an MI event. There are also new generation of troponin assays such as 
Siemens Troponin I Ultra, Roche high sensitivity cTn T, Singulex “molecular” cTn I with 
a limit of detection (LOD) ranging 0.1-1 pg/ml. Although, these high-sensitivity troponin 
assays have been shown to be able to detect troponin levels in the orange line range, they 
need magnetic concentration to enhance the sensitivity which increase the detection time 
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to > 4-5 hours, thus making them not suitable for real-time early diagnosis of MI. In 
summary, there is need of a method that can accurately and rapidly assessing whether the 
serum level of cardiac troponin of a patient with chest pain is raising with time during the 
first hour an early diagnosis of MI to carry out timely treatment of the disease.  
In section 8.1, the PEPS showed enhanced detection sensitivity 1 pg/ml for Her2 
detection with a detection time of 30min. Here we study PEPS enhanced detection 
sensitivity for troponin I detection in undiluted serum. 
8.2.1 Experimental Protocol for Troponin Detection 
1) Functionalization of PEPS with the anti-Troponin I 
For antibody immobilization on the PEPS surface, the PEPS was first rinsed in DI 
water and ethanol followed by soaking in a 1 mg/ml aqueous maleimide-PEG11-biotin 
(Pierce) solution a volume of 150 µl for 30 min followed by rinsing with DI water and 
phosphate buffer saline (PBS) solution (Mediatech). The biotin-functionalized PEPS was 
then soaked in a 0.1 mg/ml streptavidin (RayBiotech) solution in PBS with a volume of 
150 µl for 30 min followed by DI water and PBS rinsing. After that the streptavidin-
coated PEPS was soaked in 5 µg/ml of biotinylated monoclonal anti-troponin I antibody 
(T8665-16E1, US Biological) solution for 30 min. Finally, the PEPS was soaked into a 5% 
of bovine serum albumin (BSA) solution for 15 min for blocking. The PEMS-
functionalized with troponin I antibody were then transferred to a 40ul custom-made flow 
cell containing circulating at a rate of 1 ml/minute via a peristaltic pump (model 77120-
62, Cole-Parmer’s Master Flex).  
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2) PEPS reuse and flow system setup 
The PEPS reuse protocol flow system setup is the same as described in section 
8.1.2.1. Before each Troponin I detection, the undiluted bovine serum was circulated 
through the channel at a rate around 1 ml/min using a peristaltic pump (77120-62, Cole-
Parmer’s MasrterFlex) and the frequency of the resonance peak around 700 KHz was 
monitored using Impedance analyzer (4294A, Agilent) until it reached a stable baseline 
with a resonant frequency change of less than 200 Hz over 30 min. When a stable 
baseline was obtained, certain concentration of Troponin I samples were transferred into 
the liquid detection chamber for detection using a three gate valve and the vibrational 
frequency of the PEPS was recorded for 30 minutes[73][73]. Note all the results shown 
below were generated using the same PEPS. Each concentration of Troponin I detection 
was repeated three times. 
3) Two negative control 
Two negative control were designed for Troponin I detection.  Negative control 1 
was monitoring PEPS response using a PEPS without Troponin I antibody on surface in 
certain concentration of Troponin I in serum. Negative control 2 was monitoring PEPS 
response using a PEPS with Troponin I antibody on surface in serum only without any 
injection of Troponin I. 
8.2.2 Troponin I detection dose response curve in undiluted Bovine serum          
A PEPS with –k31 of 0.351 was used in this Troponin I detection. The Figure 8.21 
showed PEPS response to different concentrations (from 0.05 pg/ml to 1 ng/ml) of 
Troponin I detection in undiluted Bovine serum. Each concentration curve is generated 
by three times separate Troponin I detection and is plotted by average the three times 
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detection data and standard deviation. Negative control was done by putting Troponin I 
antibody linked PEPS into undiluted Bovine serum for detection, which were also done 
three times. From this graph, we can see the PEPS response increase with the 
concentration of Troponin I and the PEPS can detect 0.1pg/ml of Troponin I in undiluted 
Bovine serum, which the response signal is 3 times high than the negative control noise 
level. Also we notice that the PEPS response faster (~20 mins) in high Troponin I 
concentrations than low concentrations (~30 mins). 
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Figure 8.20: Troponin I detection dose response curve in undiluted Bovine serum. 
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Figure 8.21: Troponin I detection relative frequency shift VS concentration at 20min and 
30min in undiluted Bovine serum. 
The results of the detection at various troponin I concentrations ranging 0.05 
pg/ml to 100 pg/ml are shown in Fig 8.21. As can be seen all detections in pure bovine 
serum including all curves at t = -20 to 0 min and the black circles at t = 0 to 30 min 
showed negligible -Δf/f with a standard deviation of -Δf/f about 0.0037%, indicating that 
the blocking of the PEPS surface using 5% BSA was sufficient and that there was 
negligible non-specific binding by the serum. As can be seen, in all troponin samples 
including the sample with 0.05 pg/ml troponin I, -Δf/f increased with time. Furthermore, -
Δf/f was higher with a higher troponin concentration.  As mentioned above, the noise 
level of Δf/f in bovine serum was about 0.0037%. In comparison, the detection -Δf/f at 
t=30 min was 0.028%, 0.059%, 0.089%, 0.133%, and 0.18% at 0.05 pg/ml, 0.1 pg/ml, 
1pg/ml, 10 pg/ml, and 100 pg/ml of troponin I, respectively. The corresponding 
signal/noise ratios were 8, 16, 24, 36, and 48 for 0.05 pg/ml, 0.1 pg/ml, 1pg/ml, 10 pg/ml, 
and 100 pg/ml troponin concentration, respectively. By calculation, the signal/noise ratio 
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at 0.1pg/ml was 7 and 8 at t=20 min and 30 min, respectively, indicating that PEPS 
detection of troponin 0.1 pg/ml was reliable even in 20 min. 
8.2.3 Detection validation using blind troponin samples 
As discussed in section 5.3.4, the troponin I detection validation was carried out 
by detecting 6 unknown troponin I samples in undiluted serum using PEPS with –k31 and 
high salt regeneration normalization method. For all the 6 unknown samples, the prepared 
concentration all fell into the deduced concentration range (with stand deviation). This 
demonstrates that the PEPS has a very good detection repeatability in Troponin I 
detection after using –k31 and high salt regeneration normalization methods, which allow 
PEPS to successfully distinguish 5 pg/ml with 0 pg/ml Troponin samples. With the help 
of normalization method, the PEPS can be used as a great tool for fast reliable troponin 
detection in clinical area. 
8.2.4 Summary on troponin detection 
In this part, real-time, in situ Troponin I detection in undiluted serum was 
investigated using piezoelectric plate sensors (PEPSs). We have showed that 0.1 pg/ml of 
Troponin I detection with a signal to noise ratio of 8 without isolation and amplification 
can be carried out in real time using PEPS in undiluted serum sample. Blind Troponin I 
detections were also carried with unknown Troponin concentration as a detection 
validation study. This enhanced 0.1 pg/ml detection sensitivity of Troponin I detection in 
serum and fast time (30 mins) make the PEPS a great candidate for clinical detection 
Troponin I for early heart attack patient with advantage of real-time low cost without any 
amplification.   
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8.3 C diff Toxin detection in diluted stool 
Clostridium difficile (C. difficile)  is aspecies of Gram-positive bacteria of the 
genus Clostridium that causes severe diarrhea and other intestinal disease when 
competing bacteria in the gut flora have been wiped out by antibiotics. The stool C. 
difficile toxin test detects harmful substances produced by the bacterium Clostridium 
difficile in a stool sample. This infection is a common cause of diarrhea after antibiotic 
use. Here C diff toxin detections in stool sample using PEPS array were carried out.  
8.3.1 Experimental part 
1) Functionalization of PEPS with the C diff Toxin Antibody  
The C diff Toxin antibody was maleimide-activated by incubation with 
Sulfosuccinimidyl 4-N-maleimidomethyl cyclohexane-1-carboxylate (sulfo-SMCC) 
(Pierce Biotechnology, MI) at a molar ratio of 1:80 (antibody: sulfo-SMCC) for 30 
minutes at room temperature.  Excess sulfo-SMCC was removed by centrifugation 
through a microcon filter (Millipore) with a molecular weight cutoff of 10 kDa for 3 
times with PBS refilling.  The MPS-insulated PEMS were then soaked in a solution 
containing the sulfo-SMCC-linked C diff Toxin antibody for 30 minutes. After that, the 
PEPS were soaked in PBS to remove unbinding chemicals on PEPS surface.  
2) BSA blocking study in diluted stool 
To perform C diff toxin detection in diluted stool, blocking study need to be 
carried out to prevent nonspecific binding for detection in stool since there is lot of other 
protein besides c diff toxin in stool sample which is possible to bind on PEPS surface. 
We tried 5% BSA as a blocking protocol since it works well to prevent nonspecific 
binding for PEPS detections in undiluted serum. The small modification for blocking 
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protocol here is that there one more blocking step using diluted stool (containing extra 5% 
BSA) after initial 5% BSA blocking step. Figure 8.22 showed the schematic of these two 
blocking steps (step 1 and step 2). After insulation, the PEPS was first put into 5% BSA 
solution for 30mins at room temperature (step 1). After that the PEPS was put into a 
diluted stool sample containing extra 5% BSA for 30 mins again at room temperature 
(step 2). After this, the PEPS was lift up from the previous solution and put into a new 
diluted stool sample with 5% BSA in it to test whether this blocking is sufficient enough 
to prevent nonspecific bindings in diluted stool (step 3). The PEPS peak position was 
monitored all the time during these three steps. The Figure 8.23 showed how the PEPS 
response during these process. We can see that, first the PEPS showed detection response 
to 5% BSA solution, which indicates the BSA binds to the PEPS surface. In the second 
step for diluted stool with 5% of BSA in it, the PEPS still showed some response, which 
indicates the first 5% BSA was not good enough to prevent nonspecific binding for 
detection in diluted stool. In the third step, the PEPS showed no response, which 
indicates the PEPS is ready for detection in diluted stool. So in the later experiments, all 
the C diff toxin detection were carried out in stool using this two-step blocking method: 5% 
BSA for 30 mins at room temperature followed by diluted stool with 5% of BSA for 30 
mins at room temperature.  
 
  
 
 
 
         5% BSA blocking  Diluted stool +5% BSA 
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Figure 8.22: BSA blocking of PEPS before carrying out detection in diluted stool. 
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Figure 8.23: BSA blocking study for carrying out detection in diluted stool. 
The PEPS reuse protocol and flow system set up and detection steps are the same 
as described in section 8.1.2.1. 
8.3.2 C diff toxin detection result 
Five different C diff toxin concentration detections in diluted stool were carried 
out by a three PEPS array. Two PEPS were immobilized with C diff toxin antibody, 
while one blank PEPS without any immobilization on surface. Detections were carried 
out after two steps of BSA blocking as described above. During each detection, the 
designed concentration of C diff toxin in diluted stool was pumped to the PEPS flow 
channel after the PEPS peak position is stable in diluted stool for at least 30mins. 
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Figure 8.24: PEPS response for different concentration of C diff toxin in stool. 
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From the Fig. 8.24, we can see that, for the same C diff toxin concentration, PEPS 
A showed a little larger response than PEPS A. This can be explained by the fact that -k31 
value of PEPS A (-k31=0.336) is larger than -k31 value of PEPS B (-k31=0.329).  In all 
four sets of detection, the negative control PEPS did not show any response, which 
indicates the two-step blocking protocol is good enough to carry out C diff toxin 
detection in diluted stool. The PEPS enhanced detection sensitivity for C diff toxin in 
diluted stool is around 10 pg/ml with a signal over noise ratio larger than 3. 
8.4 Tn detection in serum samples using PEPS array 
Tn is a relative new biomarker that is found exists in many cancer diseases, which 
makes it a good candidate as a biomarker for cancer detection in clinical. Here Tn 
detections in serum were carried out using PEPS to study the PEPS enhanced sensitivity 
for Tn detection in serum. Finally, multi-biomarker detections in breast cancer patient 
serum sample were carried using PEPS array. 
8.4.1 Experimental Protocol for Tn Detection 
1) PEPS array making 
A transparent polycarbonate sheet (7 mm) was used as supporting materials for 
PEPS array making. The reason for using a transparent polycarbonate sheet is that it has 
the advantages of easy to cut and easy to assemble. Here we use a cutting saw in the 
machine-shop in Hess building to cutting the large polycarbonate sheet into small pieces 
with fixed dimensions. To assemble a four-PEPS array, we first used the cutting saw to 
cut a supporting plate with four similar gaps. Each gap dimension is 0.3 cm by 1.0 cm. 
Four small pieces of dimensions 0.3 cm by 2.5 cm were also made to fit into those gaps 
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of the large polycarbonate holding pieces. Four-PEPS array was made on those four 
polycarbonate inserting piece, one on each inserting piece. Figure 8.25 shows an optical 
image of the PEPS array. Finally, the wire was connected and nonconductive glue was 
used to fix the PEPS on the PEPS array holder. 
 
Figure 8.25: PEPS array. 
2) PEPS array insulation  
A three-PEPS array was used to carry out Tn detection in serum. The insulation 
protocol is the same as the protocol described in section 7.2.2. Figure 8.26 showed the all 
three PEPS spectra after insulation. The -k31 value for PEPS A, PEPS B and PEPS C is 
0.338, 0.332 and 0.339. 
  
Figure 8.26: Insulation result of 3 PEPS. 
3) PEPS array immobilization 
0 1M 2M 3M
-90
-80
-70
-60
-50
-40
-30
-20
P
h
a
s
e
 a
n
g
le
Frequency (Hz)
 A in PBS
 
 
 
 A in Air 
0 1M 2M
-90
-80
-70
-60
-50
-40
-30
-20
 
 
Frequency (Hz)
 B In Air
 B in PBS
P
h
a
s
e
 a
n
g
le
0 1M 2M 3M
-90
-80
-70
-60
-50
-40
-30
-20
 
P
h
a
s
e
 a
n
g
le
 
 
Frequency (Hz)
 C in air
 C in PBS
149 
 
  
The three-PEPS array was used to carry out Tn detection in serum. Two PEPS 
(PEPS A and PEPS B) were immobilized using the same Tn antibody while the PEPS C 
was not immobilized of Tn antibody which serves as a negative control. For 
immobilization, the Tn antibody was immobilized on PEPS surface using sulfo-SMCC. 
The Tn antibody was maleimide-activated by incubation with Sulfosuccinimidyl 4-N-
maleimidomethyl cyclohexane-1-carboxylate (sulfo-SMCC) (Pierce Biotechnology, MI) 
at a molar ratio of 1:80 (antibody: sulfo-SMCC) for 30 minutes at room temperature.  
Excess sulfo-SMCC was removed by centrifugation through a microcon filter (Millipore) 
with a molecular weight cutoff of 10kDa for 3 times with PBS refilling.  The MPS-
insulated PEMS were then soaked in a solution containing the sulfo-SMCC-linked Tn 
antibody for 30 minutes. After that, the PEPS were soaked in PBS to remove unbinding 
chemicals on PEPS surface. For the Tn detection in undiluted serum, after Tn antibody 
immobilization, the PEPS were put into 5% BSA blocking solution as a blocking for an 
additional 30 minutes at room temperature (22˚C-25˚C).   
4) PEPS reuse and flow system setup 
The PEPS reuse protocol and flow setup is the same as described in section 
8.1.2.1.  
5) Tn solution preparation 
The Tn antigen was obtained from Giang Au and was extracted from the mouse 
tissue. Different concentrations (1 pg/ml to 1 ng/ml) of Tn were prepared using bovine 
serum by spiking method.  
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8.4.2 Dose response curve for Tn detection in serum 
Four different concentrations (1 pg/ml to 1 ng/ml) of Tn detection were carried 
out in undiluted Bovine serum using 3 PEPS array. PEPS A (-k31=0.338) was used for 
negative control and PEPS B (-k31=0.332) and PEPS C (-k31=0.339) were used for Tn 
detection.  During each detection, the designed concentration of Tn in undiluted full 
serum will flow to the PEPS flow channel after the PEPS peak position is stable in 
undiluted full serum without Tn for at least 30 mins. Figure 8.27 shows the three PEPS 
detection response for different Tn concentration detection in serum.  
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Figure 8.27: Tn Detection in undiluted serum using 3 PEPS array and signal/noise ratio 
for different concentration.  
From the results we can see that, in all four different Tn concentration detection, 
there is no relative frequency shift for the negative control PEPS A, which indicates the 5% 
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the detections in full serum. Also two PEPS(PEPS B and PEPS C) immobilized with Tn 
antibody showed similar response for the same concentration of Tn detection(The PEPS 
C showed a little high relative frequency shift than PEPB B in each detection is due to the 
fact that the PEPS C has a little large –k31 than PEPS B). The average relative frequency 
of PEPS B and PEPS C was used as the PEPS detection result for each Tn concentration 
detection. Here in this set of detection, the average relative frequency shift for each Tn 
concentration is: 0.01% for 1 pg/ml; 0.03% for 10 pg/ml; 0.05% for 100 pg/ml and 0.08% 
for 1 ng/ml.  
Also, the signal/noise ratios of PEPS B and PEPS C for each concentration were 
also calculated as follows: 4 for 1 pg/ml; 17 for 10 pg/ml; 23 for 100 pg/ml and 41 for 1 
ng/ml. Generally in detection, a detection result with signal/noise ratio larger than 3 can 
be considered as a real positive detection. Based on this standard, the PEPS array 
sensitivity for Tn detection in undiluted serum is 1 pg/ml with a signal/noise ratio larger 
than 3. 
8.4.3 Tn and other biomarker detection in patient serum samples 
8.4.3.1 PEPS array detection results for patient serum sample using three 
biomarkers (total 14 patients): 
For patient serum samples, here we use the same 3 PEPS array (the k31 value for 
PEPS A, PEPS B and PEPS C is 0.338, 0.332 and 0.339) to carry out Tn, Tn antigen and 
legumain detection in patient serum sample at the same time. For PEPS A, the Tn 
antibody was immobilized on PEPS surface using sulfo-SMCC. For PEPS B, the Tn 
antigen was immobilized on PEPS surface also using sulfo-SMCC, following the same 
step as PEPS A. For PEPS C, the legumain antibody was immobilized on PEPS surface 
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also using sulfo-SMCC, following the same step as PEPS A (Figure 8.28). The entire 
immobilization step was done at room temperature (22˚C-25˚C) for 30mins. 
 
Figure 8.28: Three PEPS array. 
Since each patient serum sample has a volume of 1 ml, to get enough liquid 
volume for detection, the patient serum samples were diluted four times using the PBS. 
After dilution, each sample has a volume of 4ml and ready for detection. The peak 
position signals from all the three PEPS were recorded at the same time.  
a) Detail detection result for each patient case 
Here shows the detail detection result for each patient case:  
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Figure 8.29: PEPS array detection in fourteen patient serum sample. 
Totally 14 patients serum samples were examined using 3-PEPS array (figure 
8.30). 5 patients’ serum samples showed negative response for all the three biomarker. 9 
patients’ serum samples showed positive response for all the three biomarker. 
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b) Patient serum sample detection summary 
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Figure 8.30 : Fourteen patient sample detection results with three biomarkers. 
After all the detection, the detection results were compared to the patient serum 
samples information by Dr. Wan Shih. We found out that the detection results are 
consistent with patient serum information after unblinding the detail patient information. 
For the patients who have cancer, the detections showed positive response for all the 
three biomarker (Solid shapes in figure 8.30). For the patients with no cancer, the 
detections result all showed negative response (Open shapes in Figure 8.30). This 
indicates the Tn could be a good maker to diagnose cancer related disease and PEPS 
array could be a low-cost tool to achieve that. 
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8.4.3.2 PEPS array detection results for each patient serum sample using two 
biomarkers (total 8 patients) 
For the next 8 patient serum sample, 2 PEPS array was used for detection. PEPS 
A ( -k31=0.338) was used to detect Tn and PEPS B( -k31=0.332)  was used to detect Anti-
Tn. Here is the detail detection result for each patient serum sample (Fig 8.31).    
 
 
Figure 8.31: Eight more patient sample detection results 
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Figure 8.32: Detection results summary for each patient. 
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In the Figure 8.32 the patient number is realigned from 1 to 22. The detail patient 
sample label number can be tracked here as number in figure(#patient sample label): 
1(#267); 2(#268); 3(#282); 4(#283); 5(#322); 6(#379); 7(#251) ; 8(#278) ; 9(#280) ; 
10(#270) ; 11(#271) ; 12; (#380) ; 13(#382) ; 14(#383) ; 15(#388) ; 16(#389) ; 17(#399) ; 
18(#319) ; 19(#394) ; 20(#395) ; 21(#281) ; 22(#320). 
8.4.3.3 Summary on Patient serum sample detection  
After all the detection data was plotted in the Figure 8.36, Dr. Wan Shih 
unblinded all the 22 patient information. The detection data was then replotted based on 
patient cancer information (Solid data points for cancer patient while open data points for 
non-cancer patient.)   
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Figure 8.33: Twenty two patient sample detection results. 
From the Figure 8.33 we can see that in those 22 patient serum samples, Tn and 
Anti-Tn showed the same response in 21 patient serum samples. (Both of Tn and Anti-Tn 
are positive or both of them are negative) Only for patient #399, Tn detection showed 
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positive response while Anti-Tn detection showed negative response. Based on the 
patient information, one patient sample’s detection showed false negative. One patient 
detection showed undeterminable result (Tn detection showed positive detection while 
Anti-Tn detection showed negative). In total 22 patient serum samples are tested using 
PEPS array, 20 cases have results consistent with patient information. This indicates that 
Tn and Anti-Tn could be a very good biomarker to diagnose cancer related disease and 
PEPS array could be a low-cost tool to achieve that. 
8.4.4 Summary on Tn detection  
In this study, PEPS showed great enhanced detection sensitivity (1 pg/ml) for Tn 
detection in serum. For clinic application, to carry out multi-target detection, PEPS array 
was assembled and array detection was carried out. Three biomarker (Tn; Tn antibody 
and legumain) detections were carried out in total 14 patient serum samples using PEPS 
array and  two biomarker (Tn; Tn antibody) detections were carried out in total 8 patient 
serum samples using PEPS array.  After unblinding the patients’ information, we found 
that the PEPS can distinguish cancer patient from non-cancer patient quite well. 20 cases 
(out of 22 cases) PEPS detection results are consistent with patient information, which 
make PEPS array a quite useful diagnose tool for breast cancer. 
8.5 Chapter summary 
In this chapter study, different protein detections were carried out in different 
environments. Table 8.2 summarizes the results and the PEPS showed great enhanced 
sensitivity in all these detection. From the Table we see that for all these four protein 
detection system, without amplification PEPS showed similar enhanced detection 
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sensitivity in real-time (0.1-10 pg/ml sensitivity). With Dc Bias as an amplification 
method and biotin-streptavidin as a new immobilization linker, PEPS showed 0.1 pg/ml 
Her 2 detection sensitivity in undiluted serum, which is one order higher than the 1 pg/ml 
Her2 detection sensitivity in PBS. Similarly due to the new biotin-streptavidin 
immobilization method, the detection sensitivity for troponin I also reaches 0.1 pg/ml.  
Table 8.2: PEPS protein detection summary  
Protein 
target 
Detection 
environment 
Immobilization 
linker 
Amplification 
methods 
Sensitivity 
(pg/ml) 
Signal/Noi
se ratio 
Her2 PBS SMCC  No 1 >3 
Her2 
1:40 diluted 
serum 
SMCC  No 5 >5 
Her2 
Undiluted 
serum 
Biotin- 
streptavidin  
No 1 >6 
Her2 
Undiluted 
serum 
Biotin- 
streptavidin  
DC bias 0.1 >10 
Troponin I 
Undiluted 
serum 
Biotin- 
streptavidin 
No 0.1 >7 
C diff 
Toxin 
Diluted Stool SMCC No 10 >3 
Tn 
1:4 diluted 
serum 
SMCC No 1 >3 
 
Detection validation was also carried out such as using fluorescent microspheres 
and blind sample detection. PEPS array was also applied in breast cancer patient serum 
sample detection. The detection result was quite consistent with patient information, 
which demonstrates that the PEPS array could be a quite useful diagnose tool for breast 
cancer. 
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Chapter 9: Summary and future work 
9.1 Thesis conclusions 
In this thesis we have linked the PEPS piezoelectric property with PEPS enhanced 
detection sensitivity and demonstrate the enhanced PEPS’s sensitivity in different 
biological systems. The main conclusions of this thesis are as follows: 
(1) The PEPS detection performance and enhanced detection sensitivity was successfully 
quantitatively linked with its material property (piezoelectric coupling factor –k31.) 
(2) The PEPS detection performance was successfully enhanced more than two times by 
increasing the PEPS –k31 from 0.28 to 0.39 by increasing the PEPS grain size from 
1.6 µm to 3.4 µm and using a -3.5 V DC bias voltage. 
(3) A normalized -∆f/f versus concentration with various –k31 and high salt regeneration 
method was successfully created, which allows accurately quantification of unknown 
analyte concentrations even with PEPS of different –k31. 
(4) Using biotin and streptavidin binding as a model detection system and by direct X-
Ray diffraction observations after analyte binding we have unambiguously shown 
that switching of the crystalline orientations of the PMN-PT layer indeed occurred, 
thus directly demonstrate PEPS crystalline orientation switching upon target-analyte 
binding is the reason for the enhanced detection sensitivity of PEPS. The 
performance of PEPS was also found to have a linear relationship with 1/thickness of 
the piezoelectric layer.  
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(5) 1.6×10-18 M sensitivity DNA hybridization detection was successfully carried out in 
real-time, in situ using PEPS with enhanced detection sensitivity. Validation steps 
were demonstrated using fluorescent-microsphere (FRM). 
(6) Finally, unprecedented high sensitivity of PEPS with high -k31, (i.e., -k31 > 0.3) were 
illustrated by the 100 fg/ml (10-13 g/ml) sensitivity of rapid, in situ protein detection in 
biological fluids such as troponin I detection in serum for early sign of myocardial 
infarction (heart attack), Her2 detection in serum for cancer treatment and monitoring, Tn 
antigen and anti-Tn antibody detection in serum for early cancer detection, and Toxins 
detection in stool for Clostridium difficile infection detection.  
9.2 Future work 
Based on the results and conclusions of this thesis study, the following work 
should be performed in the future:  
9.2.1 PEPS fabrication auto-assembling 
PEPS fabrication auto-assembling should be carried out with the redesign of 
PEPS fabrication. With auto-assembling technology, the difference variation between 
different PEPS due to PEPS hand assembling can be minimized.  More standardized 
PEPS can be produced with high yield. 
9.2.2 PEPS fabrication using 3-D printing technology 
With help of 3-D printing technology, PEPS array can be easily designed and 
assembled instead of hand assembling. With PEPS array, multi-biomarker detection can 
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be performed at the same time, which could provide more useful information for clinical 
applications.   
 9.2.3 PEPS detection system all in one modulus design 
Since PEPS demonstrate fast real-time detection in both DNA hybridization and 
protein detection with good sensitivity, the commercialization of PEPS could be carried 
out. PEPS detection system could be designed and assembled as one module for point-of-
care applications in clinics due to its low cost and high sensitivity.   
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